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Summary

The purpose of this project is the development of semi-emp. .

and theoretical methods of obtaining reasonably accurate potent-31

curves for diatomic excimer systems. These curves are of impor-anc-

for applications to fluorescence spectra, stimulated emission

coefficients, excimer laser development and electron impact exci-

tations. We have been mainly interested in the development of a new

effective potential method which obtains potential curves by

calculating the energy levels of one atom in the external field of

the other atom. In order to be able to compare our new method to

other well established methods, we have first done a C1 calculation

for GaKr and applied the Gordon-Kim method to GaKr. This provided

some knowledge of the effect of a Kr atom on another atom which

might be used later as input into the effective potential method.

The basic idea of the new method is as follows: In all low

lying states of a metal-rare gas system one atom (the rare gas atom

which has a high first excitation energy) is asymptotically in its

ground state and the various molecular states correspond to the

various low lying excited states of the metal atom. Therefore the

basic assumption of our method is, that it is possible to calculate

the molecular energy levels as the energy levels of a single metal

atom in an external field which represents the rare gase atom. This

external field which represents the second atom is our effective

potential The general form of this potential can be derived from

the many body Greens function. Phenomenological treatments of the

many body theory leads to a form with free parameters. Our idea is

to determine these parameters by fitting one molecular potential

curve, calculated by our new method, to a known curve. We hope that
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the effective potential resulting from one particular state descrles

the effect of the rare gas atom also in other molecular st. !s and

even in other molecules, i.e. independently of the type and stat.

of the other atom. The big problem in this new method is, that new

types of integrals have occured, which have not appeared in quantum

chemistry before and for which no standard computer programs exist.

Therefore, we spent most of the time developing and testing new

computer programs. By now the programs seem to work properly but

they are still very slow and at the moment we are still testing

the whole method on a simple system, on LiHe. We have tried to

parametrize the effective potential of the He ground state by

2fitting the resulting molecular potential for the ff state of HeLi

to the known potential curve of this state. Probably we did riot

use the best fitting strategy so far and therefore we did not get

a satisfactory fit of the molecular potential. It seems to be

necessary to repeat the fitting procedure with a more efficient

strategy, which we consider in the text. The next step in tho

program, after the fit of the molecular potential curve for one

state, is to calculate the molecular potential curves for other

states of HeLi using the same effective potential to represent the

He atom. The result of this test will show if the whole idea works

or not. We are continuing work on this idea even without the

support of ARPA-ONR as we believe it to be a valuable new method.
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§1

1.1 Introduction

The general purpose of this project is to continue the develop.

and implementation of semi-empirical and theoretical methods of

obtaining reasonably accurate potential curves for diatomic excimer
1

systems. Once the potential curves have been obtained, they can

be used to predict fluorescence spectra 2 , and to compute laser gain,

stimulated emission coefficients 3 and total cross sections for
4

excitation.by electron impact. While highly accurate potential

curves are always a goal, our immediate goal is the relatively rapid

production of potential curves that are accurate enough to guide

experimentalists in choosing or rejecting possible laser systems

on the basis of inexpensive theoretical calculations rather than

on the basis of expensive and time-consuming experiments.

We are particularly interested in developing methods that in

the future would be applicable to excimer systems because of the

current emphasis on these systems as candidates for efficients,

high-power visible and ultraviolet lasers. 1 The specific systems

that motivated this proposal were the group IIA-,IIB- and IIIA-

rare gas systems (such as MgXe and TlXe), alkali-group IIB systems

and Thallium-group IIB systems. Our immediate goal is to develop

a new efficient method to calculate potential curves for non-bounding

diatomic systems in which the asymptotic atoms have greatly different

ionization potentials (as do most metal-rare gas systems). We will

then view the lowest several states of the molecule as roughly

represented by a specific state of the metal in the effective

"external" field of the high ionization potential (i.e. here a

rare gas) atom.
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The next step will be to parametrize this potential (and the

effective electron potentials that arise therein) using a form

suggested by field theory and data from any known molecular state

of any metal-rare gas system that goes at large internuclear

distance to the ground state of the rare gas. This effective

potential will then be used to describe unknown states of the same

or different metals by viewing their calculation as one of the

metal atom in the field of this potential. If this aim is attained

a basis empirical transfer of information from known to unknown

systems and states will be achieved with an in principle accompaning

simplification in calculations. This in turn would allow us to go

to bigger systems.

Although extensive work has been done on calculating potential

curves, the currently available methods are inadequate for large

systems such as TlXe. While self-consistent field (SCF) and

configuration interaction (CI) programs are the most accurate, at

this time those computer codes cannot handle molecular systems

with f electrons, such as TlXe.

Now, simplified methods, that are alternatives to CI do exist:

The Gordon-Kim5 (GK) method is available but has not been adequately

tested for large systems with open shells. We believe that our

method, theoretically is better based than this method, as the

reader can judge for himself in later sections, and it takes in

such effects as mutual atomic polarization that the GK leaves out.

The most promising method for treating big systems rigorously

is the pseudopotential method. The pseudopotential method6 is

currently being extended to large systems.7 '8

* r -
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The new method we are developing, the effective potential

method, is essentially a means of calculating the potential curv.

for a diatomic system AB (where A is a closed shell atom) by doing

an atomic SCF or CI calculation on B in which A is treated as an

external (effective) potential. The effective potential is the sum

of the Hartree-Fock potential for A and a polarization potential.

The polarization potential consists of a one-particle part describing

the polarization of A by an external charged particle and a two-

particle part which corrects for the "depolarization" due to the

presence of the other electrons and nucleus of B. The parameter of

the effective potential will be obtained by using perturbation

theory and a known potential curve of AX (X is any atom). If X is

not highly polarized, a first order approximation to the effective

potential UA may be obtained by fitting the parameters to

VA (R) = dT UA(R,i)px

A

where PX is the density of atom X and Vx ,e is the electronic part

of the known potential curve for AX. The theory of the effective

potential and the perturbation treatment of it are discussud in

more detail in §4.

This effective potential method has several advantages over the Gordon-Kim

and pseudopotential methods. Because the effective potential allows for polar-

ization of A and the SCF calculation allows for polarization of B, this method should

be more accurate than GK. At the same time, LS coupling and relativistic effects can be'

included as easily in our method: the treatment of LS coupling would be the same and

relativistic effects can be included in the core potentials. In comparing our

effective potential method to pseudopotential methods, the following points should be

noted. Methods which use only a pseudopotential to replace the valence-core inter-
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actions do not include polarization of the core. In contrast, our methoc' -clu~es

core polarization; consequently, the core-core interaction is correct --

distances so the correct van der Waals interaction will be obtained. Beca;-- w'

take advantage of the fact that there is no real bonding in the systems we are

studying, our calculations will be essentially atomic calculations and will include

fewer electrons explicitly than a pseudopotential calculation. Use of a sem:-

empirical potential which is parameterized to molecular data should result in better

molecular potential curves than use of semi-empirical potentials parameterized to

atomic data. In addition, use of molecular data will allow us to obtain effective

potentials for electrons outside of rare gas atomsand for electrons outside of

highly charged cores; these are two cases in which parameterization to atomic

data would be extremely difficult.

Since the effective potential method is semi-empirical and since the potential

parameters will be fit to molecular data, some potential curves are needed. Basically,

there are two options available for parameterizing the effective potential of A in

order to calculate potential curves for AB: 1) The effective potential for A can

be fit to known potential curves for XA (where X is any atom) or 2) The effective

potential for A can be fit to whatever ground and excited state curves for AB are

known. The second option recognizes the facts that it is easier to obtain ground

state curves than excited state curves by other methods and that both are needed to

pick possible laser systems. The curves needed for fitting can be obtained by a

variety of techniques varying from rigorous CI calculations to analysis of experimental

data. As examples of available techniques, consider the following: When experimental

band spectra data exist, the quasi-static theory of line shapes could be used to

extract potentials.9  Atomic beam data (such as that supplied by Yuan Lee in

Berkeley) could also be used to fit potential forms. 10  The RKR method11 could be

used when, as is rarely the case in excimers, vibrational data exists. For positive-

negative ion systems Rittner potentials12 can be fit to available data. For systems

with closed-shell separated atoms and ions or for certain types of open-shell

w - -' .. . .in|-
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systems, the Gordon-Kim method 5can be used to predict short range

potentials, and long range corrections can be added to this model.

Short range repulsive potentials for closed-shell atoms and ions

can also be fitted, correlated and interpolated using: (a) the

delta-function model for homonuclear systems 10; (b) the delta-

function and distortion model with combination rules for hetero-

nuclear systems 10; (c) the related softness parameter methods that

require atomic Hartree-Fock charge densities. 
1 3

Now after listing the advantages of our method we must admit

to slow progress and a lack of success in so far completing our

objectives due to two problems. The first is that our effective

potential leads to new two center (atom-external potential) integrals

such as those representing the interaction with the part of the

effective potential representing the polarized rare gas (see tLctr

sections for details) . We have developed methods and programs fur

treating these integrals but unfortunately the programs are still

very consuming of computer time. These integrals have never appeared

in quantum chemistry before and we had to develop new methods of

of doing them. We do not believe our methods are presently optimum.

Big savings in computer time can probably be achieved with a few

S years more efforts ("years" may seem long but not when one considers

the thirty or so years it took to reach the state of the art in

present molecular programs). our strategic problem was that it was

senseless todevelop speedy packages to use in a method that might

not work. Hence we used our slow packages and went on to the second

problem, that of parametrizing the effective potential. In a sense

the problems are linked, in that the trial and error fittings

necessary to parametrize are severly limited in application by the

computer cost for doing integrals as parameters are varied. The
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second problem is therefore a so far less than ideal but per ps

not unacceptable fit of the parameters in the effective notential

to the known curves. We will return to this problem in section 4.'V.

Now of the outset of our work we decided that we would Like

as input from theory some accurate GaKr curves so that we could

get on effective potential for Kr to use in InKr or TIKr computations.

Hence we split our work in three parts - the first part reviewed in

§2 was to do accurate CI calculations on GaKr.

§3 is an application of the Gordon-Kim method to GaKr and a

comparison with the results from §2.

The third part was to develop and test our theory in §4. As it

turned out the third part is still not able to take advantaqe of

the first part since oven for Li-He we have not, because of the

above two mentioned problems, achieved success. In any case we will

report here our progress ommitting the large sections of effort,;

that lead to even inferior methods of integration and parametrization

and reporting only the most promising methods. At the writing of

this report we are close to a critical test calculation of Lifie,

having achieved what may be a satisfactory (how satisfactory it is

future results will show) calculation of the effective Helium

potential. Time and personnel changes have prevented us from makinq

this last step which we shall certainly do in the near future even

without further support. If we are successful we shall return to

the problems of speeding up our integral computation methods and

routines. This will prepare the method to move on to bigger systems

and get us to where we had hoped to be now, at the end of our contract

period. Of course if the calculations are not successful theoretical
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reasons need lit SOuq(hL and the promise of the method would be ill

question. While doing this work Dr. Taylor and Dr. Jung had a

discussion about electron scattering in a strong laser field

and wrote a paper about this subject. A copy is included in

Appendix E. This work was not in the original grant but as many

things in science it just happened in discussion. No computing

fonds from the grant were used for this project.
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§2

flectronic States of GaKr Ab initio calculations of a prototype for

TlKr

2.1 Introduction

Among the metal-rare gas eximers, the TlXe system is believed to

be an excellent candidate for an efficient visible, high power, tunable

laser. Since ab initio calculations on this system are beyond the scope

of present computer programs, we present here a configuration interaction

'Cl) calculation on GaKr , which is the largest group IIIB-rare qas system

for which Cl calculations can be done. We use the calculated GaKr curves

to model the potential curves for InKr and TlKr . Although our model

does not allow further extrapolation from TlKr to TlXe , it is hoped

that these calculations will yield some insight into the Properties of the

TlXe eximer. In addition, Gallagher 2 has recently raised the possibility

of using GaXe as a laser if the Ga can be obtained from dissociation

of Gal 3 . Consequently the GaKr curves should also be of intrinsic

interest.

In this paper, the CI calculations on GaKr are presented alonq with

the model calculations on InKr and TlKr . These potential curves are

used as the basis of a classical calculation of the emission and absorption

coefficients for these systems.

________________-'-- .---- - w | .
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2.11 Details of the calculation

A. Basis set

The calculations use (14sllp6d) primitive Gaussian bases for gallium

and krypton 3 as a starting point. The core orbitals (ls,2s,2p,3s,3p) are

singly contracted to the Hartree-Fock atomic orbitals while the valence

orbitals (4s and 4p) and the 3d orbitals are each described by two contracted

functions(see Table I). The resulting (5s4p2d/5s4p2d) contracted bases

are constructed using the general contraction scheme of Raffenetti.
4

These basis sets are extended to include polarisation by adding two

diffuse s functions (5s and 5s') and a diffuse p function (5p) to

describe the lowest Rydburg orbitals. The exponents for these orbitals

(c(5s) = .026, d5s') = .011, C(5p) =.Ol) are obtained from atomic calcu-

lations on the excited states of Ga . The final basis set thus consists

of a (16sl2p6d) primitive basis contracted to [7s5p2d] for Ga and a

(14sllp6d) primitive basis contracted to [5s4p2d] for Kr

B. SCF calculation

The starting point for the CI calculation is a Hartree-Fock calculation

on the 2 F state

13a2 14(127n4 15a2 16o
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The inner core nolecularorbitals (twelve a , twelve - and four 6)

are held doubly occupied from this point on and are replaced by the

rigorous nonlocal Hartree-Fock potential.

Vcore = VN + E (2Ji - Ki )i=cor~e

With the core orbitals removed from consideration, it is convenient

to renumber the valence orbitals so that the Hartree-Fock configuration

is written as

I,)22,j23o 24,1 1
4

At large R the correspondence for the valence orbitals is

lo * 4sKr

2o - 4pKr

3o - 4sGa

4oc 4pGa

1r -4pKr
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In addition to the valence orbitals, nine a , six w and four 6

virtual orbitals are used in the CI calculations. The lowest virtual orbitals

(5a, 6a, 7a, 2r, 31), which correspond to the Ga 5s, 5s', 4p and 5p

atomic orbitals for large internuclear separations, are obtained by the

improved virtual orbital (IVO) procedure. 5 The IVO orbitals are obtained

by removing the electron from the 4a (valence) orbital of the above

cunfiguration and calculating the virtual orbitals for the (N-l)-electron

Hamiltonian.

C. CI calculations

Full polarization CI (POL-CI) calculations 6 which provide a balanced

description of all states of the 4s-4p manifold were carried out. A set

of reference configurations was chosen (see Table I) to describe the dominant

configurations for the 2F+ and 2 states of the molecule and the

I.E state of the ion.

The full POL-CI calculations include all (1+2) electron excitations

relative to each reference configuration subject to the restrictions that

no more than one electron occupy the Rydberg 5a orbital and no more than

one electron occupy any virtual orbital (6a, 2n etc.). This results in

764 spatial and 2314 spin configurations for the 2E+ states, 556 spatial

and 1565 spin configurations for the 2H states and 368 spatial and 558

spin configurations for the 1 E state. A total of 15a , 147 and 26

occupied and virtual orbitals are used in the POL-CI calculations.



- 14 - R PACZ BLAW-AM JUU

The potential energy curves (Fig. 2 and Table III) from the POL-CI

calculations generally follow the behavior predicted from these theoretical

considerations. These calculations are not, however, designed to treat

long-range dispersion forces. Many excitations which contribute to a

C6r
6  attraction are not included in the wavefunction. For these reasons,

one would expect deeper wells in all the potential curves including the

two lowest, generally repulsive, states. As predicted,the 1 211 state

is less repulsive than the 12z+  state. The bound excited state +

has a minima at 6.36 a.u. about 3.0 eV above the ground state curve, while

the minima in the ion curve is at 6.28 a.u. and 5.6 eV above the qround

state. The well depths are compared with those obtained by Gallaqher II

in Table IV, and as expected, GallLher's wells are deeper.

The dipole moments of these states and the transition moments between

2+ and the lower states have also been calculated and are given in

Table V and Figs. 3 and 4.
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B. Electronic states including spin-orbit coupling

A complete treatment of the electronic states of GaKr must include

the effects of spin-orbit coupling. The states considered here, which

dissociate to the closed-shell ground state of Kr and an open-shell state

of Ga or Ga+ are intluenced only by the soin-orbit matrix elements of

the open-shell atom.

Following the procedure used previously We hv ddopted

simple model for including the effects of spin-orbit coupling on the

calculated potential energy curves and wavefunctions. The experimental

spin-orbit parameters for the open-shell atom (Ga and later In , TI) dre

used to determine the matrix elements of the spin-orbit interaction, Hso

coupling the molecular states at infinite separation and these matrix

elements are assumed to be independent of internuclear distance. The

resulting spin-orbit matrix Hso is added to the diagonal matrix of

electronic energies Helec(R) ijEi (R)

H(R) = Helec (R) + Hso

and the total matrix H is then diagonalized at each internuclear distance

R . Thus, in addition to the assumption that the spin-orbit matrix elements

do not change as functions of R , this model assumes that only one-center

terms need be included so that only the spin-orbit coupling on Ga is

important. We would expect this procedure to provide reasonable results

to the extent that the molecular states retain the identity of the atomic
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states from which they are formed. The spin-orbit matrices are given

in Table VI along with the atomic parameters used in these calculations.

The parameter A is chosen so that the atomic 2P3/2 and 2PI/2 states

have energies of +A and -2A respectively.

We shall label the molecular states using the convention of Hund's

case () where . , the projection of total angular momentum along the

molecijlar axis, is the only good quantum number. w is defined as

+ ' where and S are the orbital and spin angular momentum

projection, respectively. The molecular 2T+ states have only a

I_ 1' component, while the 2r states yield a s2 = 3/2 and 1/2

tate The states in the Qi representation are labeled according to

in(,easinq enerqy by a Roman numeral. So the = 1/2 states are desiqnated

as 1 1/2 , If 1/2 and the i - 3/2 states are I 3/2 , T 13/2

The coupled states are expressed as follows:

I 11? - C I2.+ + Cn 12
II 1/2 - 2T+ + C l,2>

1 3/2 1 2 11,

The spin-orbit coefficient C and C are given in Table VII. The

potential curves and transition moments for GaKr including spin-orbit

coupling are given in Table VIII and Figs. 5 and 6.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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2.1V Extrapolations to InKr and TlKr

The potential curves for InKr and TlKr are modeled on the

GaKr curves. The lowest excitation energies and the ionization potentials

for the series Ga , In , Tl are given in Table IX. As can be seen, this

series does not form a steady progression. In has a lower ionization

potential and lower excitation energies than Ga , as expected for a

heavier atom. However, Ti has a higher ionization potential and higher

excitation energies. This is due in part to the presence of a filled

4t shell in TI and the larger spin-orbit effects. 12 These effects

should be considered when extrapolating the GaKr curves to InKr and

TlKr.

To simulate InKr and TlKr , the experimental spin-orbit parameters

for In and Tl are used to couple the GaKr curves. The curves are

also shifted to give the correct atomic excitation energies at R = .

(see Table IX). This procedure should give at best a qualitative description

of states of InKr and TIKr , since the non-spin-orbit coupled states

are expected to have quantitatively different well depths and equilibrium

separations.

The effect of the increasing spin-orbit perturbation in going from

Ga to In and TI is evident in the calculated curves which are given

in Figs. 7 and 8. Only the well depths and positions for the 11/2 and

11 1/2 states are affected by the spin-orbit coupling. The other states
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are the same as those for GaKr except that they have the correct

asymptotic spacing.

The mixing parameters from the spin-orbit coupling calculations for

TlKr are also used as the coefficients of the GaKr wave function to

estimate the transition moments for this system. The TlKr transition

moments are given in Table X and Fig. 9.
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2.V Absorption and stimulated emission coefficients for possible

laser transitions

The interest in the group IIIB-rare gas systems arises from the possibility

of their use as visible laser systems. In order to judge their usefulness as

lasers it is convenient to calculate the absorption kV(t) and stimulated

Pmission gV(T) coefficients. Obtaining quantum-mechanical results for these

quantities would require a complex calculation which would be inconsistent with

the oxtrapolations used to obtain the InKr and TlKr curves. Consequently,

we have used lallaqher's analysis [171, which is based on the classical

frdnk-Condon principle.

In order to obtain g and kV , the CI curves are first fit by Morse

potentials. The parameters for these Morse potentials are qiven in Table XT.

These parameters can then be used in Gallagher's equations, along with the

,Itnrni. transition rate, to obtain absorption and stimulated emission coefficients

for pressure and excitation conditions of interest to experimentalists. We

have calculated these coefficients for two different types of conditions.

The high temperature results correspond to the case where the concentration

of the metal is obtained from the vapor pressure of the metal itself, while

the low temperature results correspond to obtaining the required concentration

of the metal from vaporization of MI3  (M = Ga, In, or TI). This latter

condition has been suggested by Gallagher as a possible means of obtaininq

high concentrations of the metal at low temperatures. In both cases the
densities used are 1020/cm3 for Kr , 10 6/cm3 = 3fM 2 1 1.5[M 2P3121

and 2 x 1014/cm3 = [M 21 . The resulting absorption and stimulated
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emission coefficients for GaKr , InKr and TIKr are given in Figures 10

to 15.

A paper has been published about the work presented in §2.
See Appendix A.
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Table I. Gaussian exponents and contraction coefficients

Exponents Contraction coefficients

Gallium atom

Is 2s 3s 4s 4s'
457600. .000222 -.000069 .000026 -.000006 0.0)68470. .001732 -.000535 .000205 -.000048 0,15590. .008952 -.002814 .001070 -.000247 0.04450. .035874 -.011275 .004337 -.0010071472. .114000 -.038495 .014707 -.003399 0.0541.3 ,274138 -.100714 .039748 -.009279 0.0214.8 .414793 -.211832 .084475 -.019587 0.088.81 .275395 -.175448 .079654 -.019104 0.027.18 .029561 .479840 -.291821 .072753 0.011.54 -.006815 .634145 -.527118 .134137 0.3.303 .002253 .069592 .583707 -.181778 0.01.334 -.001017 -.012299 .674103 -.358241 0.0.1947 .000251 .002774 .028077 .615164 0.0.07158 0.0 0.0 0.0 0.0 1.0

5s 5s'
.026 1.0 0.0
.011 0.0 1.0

2p 3p 4p 4p' 5p
3274. .001513 -.000576 .000094 0.0 0.0765.4 .013070 -.004981 .000800 0.0 0.0241.6 .067263 -.026421 .004337 0.0 0.089.39 .219542 -.089529 .014443 0.0 0.036.36 .421107 -.186734 .031377 0.0 0.015.60 .376515 -.144494 .021501 0.0 0.06.472 .089425 .258956 -.046233 0.0 0.02.748 -.000502 .570187 -.125293 0.0 0.01.090 .001761 .325305 -.045636 0.0 0.0.2202 -.000247 .016563 .452811 0.0 0.0.06130 0.0 0.0 0.0 1.0 0.0.01 0.0 0.0 0.0 0.0 1.0

3d 4d
59.66 .031949 0.0
17.10 .163546 0.0
6.030 .367457 0.0
2.171 .456851 0.0

.6844 .305161 0.0
.160 0.0 1.0



- 23 -

Table I. Gaussian exponents and contraction coefficients

Exponents Contraction coefficients

Krypton atom

is 2s 3s 4s 4s '

605700. .000231 -.000073 .000029 -.000009 0.0
90300. .001755 -.000551 .000221 -.000070 0.0
20920. .009076 -.002894 .001159 -.000369 0.0
5889. .036990 -.011834 .004781 -.001522 0.0
1950. .116154 -.039826 .016056 -.005118 0.0
718.2 .278401 -.104801 .043454 -.013886 0.0
285.4 .415746 -.217093 .091899 -.029537 0.0
118.6 .267204 -.175562 .083789 -.027309 0.0
38.16 .027870 .471395 -.303023 .103498 0.0
16.45 -.005998 .636794 -.570620 .208810 0.0
5.211 .002217 .082255 .501751 -.235737 0.0
2.291 -.001092 -.014138 .760483 -.553570 0.0
.4837 .000306 .003289 .044857 .701123 0.0
.1855 0.0 0.0 0.0 0.0 1.0

2p 3p 4p 4p'

4678. .001392 -.000569 .000156 0.0
1120. .011666 -.004777 .001286 0.0
357.1 .060858 -.025631 .007059 0.0
131.4 .210040 -.092159 .024990 0.0
52.86 .421000 -.200936 .056870 0.0
22.70 .383515 -.160784 .040225 0.0
9.547 .097383 .267789 -.084756 0.0
4,167 -.001087 .585908 -.240291 0.0
1. 8I .002209 .291397 -.038636 0.0
.5337 -.000509 .015484 .599154 0.0
.1654 0.0 0.0 0.0 1.0

3d 4d

125.6 .019168 0.0
33.31 .125638 0.0
12.15 .366069 0.0
4.350 .502482 0.0
1.494 .264377 0.0
.35 0.0 1.0

- w-~.---~~-... ..-- -
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Table II. Reference Configurations

2F+ states

I ]a22cf 23o
2 44a1T 4

2 I022a23o25cin4

3 1022a23o26oI14

2 states

1 1 r2 2o 23IT2 1 T4 2T

2 1 22o23o2 1Tr4 3Tr

IE+ state (GaKr+)

1 c 222 32- 1 4

A i I
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Table III. POL-CI calculations on the low-lying states of GaKr
and the ground state of GaKr+ . All energies are
relative to -4674. hartrees.

R 12E+ 22r +  12 1 +

-1.200042 -1.095050 -1.198917 -0.992860
15.00 -1.200121 -1.095025 -1.198978 -0.993044
10.00 -1.200290 -1.094061 -1.199328 -0.994018
8.00 -1.198650 -1.094202 -1.200204 -0.996703
7.00 -1.193963 -1.095454 -1.200450 -0.999505
6.00 -1.179381 -1.096768 -1.197718 -1.002018
5.00 -1.135164 -1.088552 -1.179245 -0.992868
4.50 -1.086883 -1.064404 -1.148099 -0.967583
4.00 -1.018697 -0.992381 -1.079327 -0.906827
3.75 -0.968656 -0.933786 -1.025394 -0.856247
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Table IV. Potential well depths

Mole - State CI Morse Fit Gallagher
cule R AE(eV) R AE(eV) R AE(eV)

GaKr 112(X11 2 ) \.018 7.55 .021

13/2(X3/2) .040 7.18 .040

111/2(A/ 2) / lO .006 10.15 .00642

111 12(B2E112 )  6.36 .064 6.26 .080

GaKr +  10 6.28 .26 5.95 .252

InKr 11,2 \,8 \,.013 7.86 .00778

13/2a

Ill/12 -.10 .006 9.98 .0064

ll a
1111/2

10a

T1Kr 1l1/2 u8 \.OlO 8.5 .012 7.01 .024

13/2 a  6.58 .062

111/2 l10 ".006 9.88 .064

llll/2a 6.09 .107

Ia
10a

asame as GaKr

I_ _ _ _ __



-27-

Table V. Dipole and transition moments for the low-lying states of GaKr

R x 2 I 1 2 + 2 2 E+ l2 +_x 2  2 2E +_x 2 I 22 ),7 
2 F +

15.00 0.00598 0.00156 0.07558 0.00183 -1.29167 -1.31011
10.00 0.02605 0.02048 0.56872 0.01631 -1.28976 -1.29762
8.00 0.09152 0.14168 0.89914 0.04761 -1.27767 -1.23098
7.00 0.18861 0.30443 0.95672 0.07894 -1.26770 -1.19024
6.00 0.41543 0.62092 0.81671 0.11663 -1.25536 -1.18926
5.00 0.90382 1.20144 0.45889 0.09916 -1.23487 -1.44020
4.50 1.24437 0.96841 1.19373 -0.13653 -1.20897 -2.06755
4.00 1.64453 -1.27575 5.47300 -0.84619 -0.86801 - .30554
3.75 1.88349 -1.13125 6.45764 -0.90367 -0.78769 .40946
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Tabl vi QuntiieSFor spin-orbit matrices

~2112 2 +. 211 p3/2 2 j

2+0 (2-- 2~

2 
r

Ga X .001255 au

In A =.00336

Ti XA .011835
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Table VII. Spin-orbit coefficients for the J1 = 1/2 states

R(ao ) C Cn

GaKr 3.75000 .99955 .02998
4.00000 .99960 .02813
4.50000 .99961 .02787
5.00000 .99927 .03811
6.00000 .99641 .08468
7.00000 .98199 .18892
8.00000 .93379 .35782
10.00000 .82915 .55902
15.00000 .81649 .57736

InKr 3.75000 .99704 .07690
4.00000 .99738 .07238
4.50000 .99742 .07175
5.00000 .99534 .09644
6.00000 .98063 .19588
7.00000 .93712 .34900
8.00000 .87677 .48091
10.00000 .82132 .57047
15.00000 .81649 .57736

T1Kr 3.75000 .97505 .22197
4.00000 .97731 .21180
4.50000 .97763 .21034
5.00000 .96502 .26219
6.00000 .91737 .39803
7.00000 .86679 .49867
8.00000 .83612 .54854
10.00000 .81788 .57540
15.00000 .81649 .57736
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Table VIII. Rydberg-valence transition moments in GaKr

(with spin-orbit corrections)

Ill 1/2 - 11/2 Ill 1/2 - 11/2 111 1/2 1 3/2
R Z (XY) Z (X,Y) (X,Y)

15.00 -0.75641 0.74574 -1.06969 -0.52733 -0.9133510.00 -0.72540 0.75618 -1.07592 -0.50983 -0.912008.00 -0.44047 0.84363 -1.14948 -0.32327 -0.903457.00 -0.22486 0.88026 -1.16880 -0.16935 -0.896406.00 -0.10071 0.88449 -1.18499 -0.07517 -0.887675.00 -0.05489 0.87255 -1.43915 -0.03328 -0.873184.50 -0.05762 0.85454 -2.06674 -0.02383 -0.854874.00 -0.00859 0.61353 -0.30542 -0.01727 -0.61378
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Table IX. Atomic states of Ga , In , and TI

Excitation Energy

State Ga In TI

cm-1 eV cm-  eV cm-I eV

212 0.0 0.0 0.0 0.0 0.0 0.0

2P3/2 826.24 .10241 2212.56 .274228 7792.7 .965840

1/2 24788.58 3.07234 24372.87 3.020814 26477.5 3.281665

I.P. 48380. 5.9963 46669.93 5.784348 49264.2 6.105886
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Table X. Rydberg-to-valence transition moments in model TlKr

(with spin-orbit corrections)

111 /2 - 11/2 III 1/2 -11 1/2 111 /2 - 3/2

R Z (X,Y) z (X,Y) (X,Y)

15.00 -0.75641 0.74574 -1.06969 -0.52733 -0.91335
10.00 -0.74665 0.74590 -1.06130 -0.52476 -0.91200
8.00 -0.67524 0.75539 -1.02925 -0.49558 -0.90345
7.00 -0.59354 0.77699 -1.03169 -0.44701 -0.89640
6.00 -0.47336 0.81433 -1.09099 -0.35332 -0.88767
5.00 -0.37761 0.84264 -1.38982 -0.22894 -0.87318
4.50 -0.43489 0.83575 -2.02130 -0.17981 -0.85487
4.00 -0.06471 0.59985 -0.29861 -0.13000 -0.61378

I , .
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Table XI. Morse fitting parameters:

V(R) - V(-) De[U - 2u] where u exp [B(Re R)]

Molecule State De  Re(a) B(a0-
1)

GaKr Ii2 .000772 7.56 .724

13/2 .00147 7.19 .722

11/2 .000625 10.14 .471

1111/2 .00295 6.26 .853

InKr 11/2 .000286 7.86 .817

13/2

111/2 .000474 10.24 .483

1111/2a

TIKr 11/2 .00439 8.52 .633

13/2

11/2 .000408 10.12 .502

1 1 1 a

aSame as for GaKr
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Fig. 1. Orbital diagrams for the electronic states of Ga + Kr and Ga+ + Kr.
The lobes and circles represent the in-plane and out-of-plane p orbitals;
the dashed circle denotes the Rydberg orbital.
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Figure 2.
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Figure 3.
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Figure 4.

DIPOLE TRANSITION MOMENTS AMONG
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THE LOW-LYING STATES OF GaKr AND
GoKr + WITH SPIN-ORBIT CORRECTIONS

8

Go+(' S1,)+Kr

100
0

z Go( S112 )+Krw

22

0-

Go P, 2 )+Kr

1. 5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0

R(A)



-39 -

Figure 6.

DIPOLE TRANSITION MOMENTS AMONG
THE LOW-LYING STATES OF GaKr WITH
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Figure 7.

THE LOW-LYING STATES OF InKr AND
InKr + WITH SPIN-ORBIT CORRECTIONS
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Figure 8.

THE LOW-LYING STATES OF TIKr AND
TIKr' WITH SPIN-ORBIT CORRECTIONS
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Figure 9.

DIPOLE TRANSITION MOMENTS CONNECTING
THE LOW-LYING STATES OF TIKr WITH

SPIN-ORBIT CORRECTIONS
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Figure 10.
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Figure 11.
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Figure 12.
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§3

Application of the Gordon-Kim theory to the group IIIB-rare

gas systems.

In recent years, the electron gas methods developed by Gaydaenko

and Nikulin [1], and Gordon and Kim [2] and modified by Rae [3] and Cohen

and Pack [4] have proved successful in calculating the interaction energies

of pairs of closed shell atoms or ions [1-5], of atom-molecule systems[6-7],

of molecule-molecule systems [8], and, recently, of systems with one open

shell atom [9]. These interaction energies are much more accurate than the

simplicity of the Gordon-Kim (GK) method would lead one to expect.

The recent success of the GK method in calculating closed shell - open

shell interaction energies has prompted us to use this method to calculate

the interaction of group IIIB-noble gas pairs. The GK theory has been

most successful in cases where the interaction is non-covalent and where

the atoms are relatively undistorted. For these reasons, systems such as

GaKr would seem to be ideal candidates for a GK calculation.

The electron-gas theory is briefly reviewed in part A, and our

preliminary results on GaKr are given In part B.

A. The electron gas method

The method we have used is that of Gordon and Kim [2] as modified by

Cohen and Pack [4]. A more detailed description of the theory is available

In these two papers. Briefly the GK theory approximates the intermolecular
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potential V(R) at the distance R by

V(R) V GK (R) = V GK(R) + V GK (R)

where

VGK = + V+V
VHF Vk C Ve

and these three terms represent the kinetic, Coulomb and exchange inter-

action energies, respectively. To calculate these interaction energies,

the electronic charge density P is approximated by the sum of the atomic

charge densities,

I) = a + P

With this approximation, the Coulomb interaction can be calculated directly,

but the other terms are all estimated by the formulas for the energy density

of a uniform electron gas [4]. An additional modification [3,4] is made

to the exchange energy to avoid self-exchange contributions.

B. Calculations

We have modified the molecule-molecule GK interaction program of

Parker, Snow and Pack (8], which allows for non-spherical potentials, to

calculate interaction energies for closed shell -open shell atomic pairs.

The density of the open shell atom, in this case Ga ,is divided into
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the spherically symmetric core density plus the valence density. For Ga

in the ground state (4s24p1 ), the valence density is constrained to be in

a p orbital directed along the internuclear axis, to form a E molecular

state, or perpendicular to it to form a fl state.

In order to expedite the evaluation of integrals, the atomic density

is expanded in a set of Slater basis functions with the coefficients determined

by a least-squares fit [4]. The basis set expansions for the density are

then read into the GK program which calculates the interaction energy

by three-dimensional numerical quadriture.

We have obtained numerically tabulated, relativistic Hartree-Fock

densities for the group IIIB and rare gas atoms from Joseph Mann [10].

The densities of the 4s24p1 and 4s25s1 states of Ga and the ground state

of Kr were fit with small sets of Slater functions. At this time the

fit of the basis set expansion is not very good (-. 10%).

The basis set expansions obtained from this fitting procedure were

then used to calculate the GK interaction energies. Because the fitting

procedure does not normalize the density, the inaccuracy of the present

expansions results in a spurious Coulomb repulsion between the two atoms.

We hope that improving the basis set fit will correct this error.
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The GK potential curves are compared with the CI results (see Section 11)

in Figures 1-3. The energies are plotted with respect to the asymptotic

energy of each state. The curve labeled GKR includes Rae's correction while

the GK curve is the unmodified GK theory. The GKR curve for the 1 2Y +state

agrees remarkably well with the Cl result. Unfortunately, the agreement for

both the 1 2 and 2 2 T states are not as good. Specifically the depths and

positions of the potential wells are not predicted accurately. We are

currently working on improving the basis set fit and thereby the interaction

energies.
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§4

4.1 Theoretical basis

A. Introduction

This section describes the theoretical basis of our calculations using the

effective potential method. For an excirner system AB, where A is a closed-shell

system, most of the states of interest correspond to the asymptotic situation where R

is excited but A is in its ground state. Fundamentally, what the electron scattering

theory says is that any charged particle in B sees a potential (zA) due to the

closed-shell system A, which is the same as if the charged particle were scattered

off of A. This scattering potential is corrected for the fact that A is "de-

polarised" relative to the scattering problem, due to the presence of the nucleus

and other electrons of B. The unique aspect of this work, which distinguishes it

from many other high-quality attempts to produce such curves, is that it is based

on the model interaction potentials and response functions that arise out of many

body theory (using Schwinger Functional Derivatives). The use of this type of many

body theory has characterized the work of this group over the last few years. 1

The effective potential method will clearly gi ve incorrect results when any of

three situations are met: First, if charge transfer states mix with the excited

states of interest; second, when states go asymptotically to two excited atoms;

third, when covalent bonding is important. Only for charge transfer do we have a

possible C--ass I solution. For the moment it is hoped that all three problem situations

will be avoided for the lowest excimer excited states in the systems of interest to

this proposal. If Zn 2 and M9g2 are any guide the first two problems occur only for

the higher excited states. 1
7

In part B the basic equations are presented and possible methods for calculating

the interaction energy are discussed in part C. The use of semiempirical forms for

the effective potentials are discussed in part D.
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B. The Basic Equations

Using many-body field theoretic methods it has been shown that the

change in energy, c , resulting from the addition of an electron to a

closed-shell reference system (referred to here as A) is given by the one-

particle Dyson equation

T(r)o(r) + fdr' EA(r;r':c)o(r) (r) (1)

where T is the kinetic energy operator and 0 is the Dyson amplitude

with r and r' being space-spin coordinates. Thus, the problem reduces

to an effective one-particle problem in which this particle experiences

Aan effective potential, r , which represents all the other particles

collectively, taking into account all effects such as polarization,

correlation and exchange, etc. As might be expected, the cost of this

simple formulation is that _A is an extremely complicated entity which

is both nonlocal and energy dependent and which cannot rigorously be

brought into closed form. However, it [~as been possible to develop

- ..--,---..-I-~-----------.,-.-------
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excellent closed form approximations to this potential which are based on

well founded physical concepts. Most notable among these is the Random

Phase Approximation (RPA) potential, ZRPA ' which has been very successfully

used in calculating the ionization potentials, excitation energies,

oscillator strengths, and elastic -scattering phase shifts for He [18].

ERPA has also been used to accurately calculate the ionization and ex-

citation energies of Li [19] Moreover, it has been shown that this ab

initi potential encompasses other phenomenologically derived semiempirical

potentials which have been used by other workers with great success [20].

It has also been recently demonstrated that by applying the same many-

body techniques to the problem oftwo electrons added to a closed-shell

reference system (A) one obtains an effective two-particle equation for -

the resulting change in energy [21].

2 Ar-~i -/r'2wA[ (T(r,) + fdr'lA(v;r!:e)) + :c )r + fdr1  2 W(r l ,r2 ;rj ra)]o(rl ,r 2 )

1=1

e*(r,r 2 ) , (2)

where in addition to the individual one-particle potentials there now

appear, a two-particle effective potential, WA , which represents how the

presence of one particle affects the potential seen by the other particle

and which reflects the fact that system A can act as a dielectric medium

to shield the Coulombic interaction between two charged particles. As

with ZA this potential cannot be rigorously brought into closed form.

i . . t--I-III-I-I I



- 57 -

However, an excellent ab initio closed form approximation to this potential

can be obtained with the Random Phase Approximation, WRPA , which is completely

compatible with the similarly obtained one-particle potential, ERPA

If we now proceed to the case of adding m electrons to our closed-

shell reference system it follows by induction and can be proven formally

that the change in energy is given by

mI fdr. A(r.;ri: )1 ~ ( d'W r ~

[m (T(ri) + "A' E) + m + fdr} dr W A(rirj;r!,r':c)

I" r" dr dr A U : ) + + dr ... dr A(rl"rm;rj...r c)) (rl...rm

: ~ ci r... rm), (3)

where our notation for three-particle and higher potentials is obvious.

In the above we only considered the addition of electrons to our closed-

shell reference system A. However, we can also add nuclei as well; the only

difference being that when acting on a nuclear coordinate all potential

* terms involving electron exchange must of course vanish. Since this can

* be tri-:ially accomplished by choosing an appropriate (artificial) nuclear

spin coordinate, we can immediately generalize (3) to include both nuclei

and electrons by allowing the particles to carry different charges, z

(where z -1 for an electron) to give
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m A z iz 4  rzrW~rl

[-(T(ri) " fdr E A(ri;r :,2i))+ (+rj +fdrdrAri,rj;r!,r!:c, zi,Z))

+ ... ] v(rl...r) y(r1...rm) (4)

We of course cannot solve (4) since the potentials involved cannot be written

in closed form. However, we can replace these potentials by their RPA

approximates which are in closed form. Furthermore, realizing that we are

deriving a theory for intermolecular forces which is essentially perturbative

in nature, we will now assume that all three-particle and higher potentials

can be neglected so that our equation becomes simply

m Arm z IzA( -- r drjWrA(r i(T(ri) - dr r (Ir-r + (r ;r! ,r;r i r3 r:Ez,
i~~~~ 3 i

= &V(ri...rm) (5)

Since our interest lies in the calculation of potential energy surfaces,

what we really want is an equation for the chahge in energy when me

electrons and mn nuclei are added to A with these nuclei held fixed

at specific points in space (which we will refer to collectively as R

with the actual spatial coordinate of nuclei i being Ri ). That is,

we want to be able to separate electronic motion from nuclear motion so

that this quantity,4r(R) , will be the total potential experienced by

these nuclei and will satisfy the equation

Mn
[FT(R) + C(R)] X(R) * cX(R) (6)
t1

c-- -r- -- -- m
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where X(R) is a function of the nuclear coordinates only. As it

stands, (5) precludes such a separation because of the energy dependence

of the potentials involved. To overcome this problem we will now assume

that for those solutions to (5) we seek this energy dependence is not

strong. Furthermore, we will also assume that the response of A to the

added particles is instantaneous. In this way we can replace the non-

adiabatic energy dependent potentials in (5) with their hermitian energy

independent adiabatic approximates such as those given in ref.21. With

these substitutions (5) does become separable, and by taking

'v(r -...rm) : -Xj(R)vji' (rI  ' " 1 : (7)

eewhere T(rl-..rme) is a function of only the electronic coordinates

we find that C(R) is given by

mn mn ziz•
(R) E EA(R) - A )+i=l + 1AARiizR1> z (8)

where EA is given by the eqtlation

m m

[H(r ...rm ;R) + -(fdriA(r;r') " j fdriWA(ri Rj;r;zj))

me
+ (drdr'WA(ri.r ;r'r')] (r...rme) = EA(R) ,(r1...r ) (9a)

l>j me e

where H is the usual hamiltonian for me  electrons in the field

of Mn fixed nuclei
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m Mn z. me
H(r1  -"r m ;R) = (T(ri) " j -l ) + 1 .ei=l J=l iri'Rj i i>jri'rj

me me I
-h(r i) + E rij (9b)

i=l i>j

and where all one- and two-particle effective potentials are taken to be

hermitian adiabatic approximates to the true potentials. Note also that

all potential terms involving the mn nuclei are now written as local

quantities thereby taking into account the previously mentioned fact

that there are no exchange (i.e. nonlocal) terms in the potentials when

nuclei are being considered.

If we now collectively refer to these me electrons and mn

nuclei which have a fixed internuclear geometry as being system B

then C(R) *is the change in energy resulting from the creation of system

B in the vicinity (as measured by R ) of A . If R -- then

46 -Ci which is just the energy B itself. Therefore, the intermolecular

potential of the system A-B as a function of the separation between

A and B is

V (~R) E A(R) -o + VB Au (R) (10a)

where

VA (R) EA-~ r(R~ ;4B) + WA(Ri R *ZB ) (l0b)



- 61 -

and where

mn
E --~ Bz l (1lOc)EB  = B +izi J IR R Ij

is just the electronic energy of isolated system B and where EA(R)

is given by

Me  Am n

[H(r. 'rm ;R) + fdri(EA(rir') - wA(riRjr';Z5)

j=l

me
JijA A rA .. YBr..m~~r (l0d)*+' dridrWA(rirj ;r'r)] TA (rl'rm) EA(R) BA(rl"me

1>j e e.

Therefore, given that we know EO and that we have available qood

closed form adiabatic approximates for z A and WA our problem reduces

to finding the solutions (or rather a particular solution) to (lOd).

In the following section we will look at some ways of doing this.
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C. Determination of EA

Our equation for EB is of the form

(H + U A A F AA (ha)

where

me  mn

uA(r. .rme ;R) = fdri[ZA(ri;ri)- W(riRj;r"'zlj

Me
+ ., fdr~drtWA(ri,r.;r!,r!)

I >1 1 3

me me A

= -p (r) + q 2 (rir) (11b)1=1 l>j ,j

where we note that YA is an eigenfucntion of the hermitian 'hamiltonian'
B

(H + UA) and that H is the electronic hamiltonian for isolated system B

A
If we now explicitly assume that U is small compared to H (this of

course was implicit in our derivation of UA in the first place) then

UA  can be regarded as being a small perturbation on H . As a consequence,

* the solution, ,B . to (11) which we seek should resemble the electronic

wavefunction for isolated system B , B , and this wavefunction should

therefore provide us with a proper starting point determining vA  and

E A
E8

1. First-Order Perturbation Treatment

Projecting (Ila) against ?A and normalizing Y A  to unity givesBB
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<<VABH + uAI1A> YAA (12a)B B B 8 BB 1

whereas if To i3 a self-consistent solution for isolated system B

its energy is.

E 0o ; <;o1o> = 1 (12b)EB <8BB BB

If we assume that UA is a quite small perturbation to H then we can

solve for EB using standard first-order perturbation theory to obtain

A o + <YIUh> (13)

so that our first-order perturbative expression for VA is simply
B

VA + <T1UAo 0 (14)B B,nuc B'8J ~B>

This of course is equivalent to assuming that the wavefunction for system

8 remains virtually unchanged when in the presence of A

. In terms of the one- and two-particle density matrices, p0 and p 0

associated with YO , (14) becomes

B A, + fdr pA(r)Po(r;r) + drldr2 qA2(r0,r2)(r,r2;rlr2
).

r'=r r'=r

(15)

If Yo is a single Slater determinant so that

8 l
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po(rl,r 2 ;rl,r2) = /2[p (rl;ri)pl(r2;r )- po(rl;r )pO(r2;ri)] (16a)

with

n
00(r;r') = , (r) 4i(r') (16b)

where {1iI are the n one-electron spin-orbitals comprising Y.

then V A takes on the formB

A A n An A AVB ~(D = VBnu i~ ¢lA > + 1/2 i j I [<i@l ¢ij - <(D j 1 ~ >

iqj

(17)

where the two-electron integrals over q A are written in the standardq12
<121112> notation.

If T 0 cannot be written as a single Slater determinant but can
B

be written as a linear combination of determinants involving n one-eliectron

spatial orbitals {oI then (12b) can always be written as

n . n kl 1 0 o
E = E i < <ihlj> + r Dij <OiOj  k %O (18)B 1 j1 i,j,k,l Ijr 1k1

where (',Di') are fixed coefficients which depend on the precise form

of V and on orbital overlaps. Since UA is of the same form as H

and, like H , is spin independent (recall that isolated system A must

be closed-shell) we can immediately write our first-order approximation

for V as
V8
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A n 0i P n Dk1  oo A 0oo

+ A, < + z D <-.q D(19)
B,nuc iJj i,jk,1

where all operators and integrals are now explicitly takent to involve

only spatial coordinates. Therefore, we can determine <TouAIT> by

using the general energy expression (18) but employing one- and two-electron

integrals over the operators pA and q instead of the usual integrals
1

over h and r12

We could continue this perturbation treatment by goirg on to determine

second-order and higher corrections. However we will stop here and next

consider a self-consistent approach instead.

2. Self-Consistent Treatment

Let us now assume that while UA  is a small perturbation to H

it is not small enough to justify a simple first-order perturbation

treatment. That is, we will now assume that IfB can still be taken to

be functionally the same as Y 0 but because of the presence of A the

spatial orbitals themselves distort away from (P0) to a meaningful
1

extent. The problem is then to determine these new orbitals {¢i

Since TA is an eigenfunction of electronic motion satisfying k1l) this

can be done variationally. That is, we can determine these new distorted

orbitals by requiring that EA be stationary with respect to changes inB

these orbitals. If for simplicity (but not necessity) we assume that

T can be written as a Hartree-Fock type wavefunction involving orthonormal

B =I | Ii I| I
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spatial orbitals (or orthonormal spin-orbitals for the case of an

Unrestricted Hartree-Fock wavefunction) then (18) takes on the simple

Roothaan form

n n
EB 2 z fi <.i0hloi> + E Ja i + bij Koo o] (20a)

Bij 1 3 10

where

a <0i0J=-P0 It <toJ o 0 > = <0°PI I¢0 "0 >  (20b)I1j t jr 1

Koo = <0 K <01 K Ito?> K 0i = 01It00> (20c)4i jP j i t i j r 2 J 1

and where {fi;aij ;b ij} are fixed coefficients (for the case of a multi-

configurational wavefunction these coefficients are simply related to the

variationally determined configurational coefficients) which depend on

the precise form of Ty . Since A is being taken to have the same

form as vB0 and because of the similarities between H and UA mentioned

BBabove, we can immediately write our equation for E A as

A n AEiB = 2 E fi<i h i> + r [ai < ij g 1.21i> + bi <0j g 2 .i>1
ii~j

(21a)

where the operator hA  and g 2  are given by

h.Ah p + qA (21b)1h+p ;g1 2 = r12
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Therefore, 1p and therefore EBA can be determined using standard

basis set expansion (LCAO) SCF techniques. The only difference is that

instead of using the usual one- and two-electron integrals we must use

integrals over the operators h A and g A instead. However, since

these integrals serve only as imput this difference is transparent to

whatever available SCF procedure we employ.

3. Configuration Interaction Treatment

For the sake of completeness it should be mentioned that since

Y can be variationally determined there is no need to stop at the SCF

level and we could solve for this function as a Configuration Interaction

(CI) problem. The only difference form a standard CI calculation is

that instead of using the usual one- and two-electron integrals we must

use integrals over the hAadg A operators defined in (21b). It

should be pointed out however that any solution for TAwhich differs
B.

Binfcnl fo T0imlethtfrtasluonU A can no longersiniicnlyfrm ~imlis ht orthtsouto
be regarded as a small perturbation to H and in such a case the validity

of the approximations made in our choice of U A would become subject

to question. This of course also applies in our SCF treatment as well.

0. The Potentials

The one- and two-particle effective potentials E A adWA

appearing in our final equations in section II are hermitian adiabatic

approximates to the true field theoretic potentials. As we have mentioned,
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such potentials can be obtained in closed ab initio form using many-body

theory within the framework of the RPA approximation and taking the

adiabatic limits. However, while these potentials are tractable they are

nonetheless quite complicated and their use would entail considerable

computational effort. In view of the perturbative nature of our theory

it is reasonable to expect that we could use potentials having simpler

forms. Such simpler potentials can be obtained by making moment expansions

of the RPA potentials and truncating these expansions in a physically

meaningful manner t21]. When this is done, the resulting potentials can

be cast in forms which are very similar to phenomenologically derived

semiempirical potentials which have been used by other workers with

considerable success [22]. Therefore, it would seem that the use of com-

plicated ab initio potentials is not warranted (although we do reserve-

the option to do so) and that we can take our potentials to have semi-

empirical forms similar to those used by Dalgarno and by Victor [22],

namely

A

A AAA-zA+ fdr' E A(r;r ) -6(k~r W
Jdr' EA(r;r') = - T-FT+ 2HF14 6

A
_ a. 6W8klrl) + a 1 a Irl +a2lr 12 )e -kjrj

21rl+ (a0  + 2

(22a)

and

A (22b)

dri dri WA(rl,r2;r,r2 )  dr11r W3 (kjrl)W3(kjr2)Pl(cos Y12 )

A

rT31rzliW 4 (klrll)W 4 (kjr 2 1)P2 (cos Y12 )
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where we have chosen our coordinate system to be centered on A which
A

for simplicity we now take to be an atom having a nuclear charge of z

z f.

I I I

and where

n
Wn(x) = (l-e-X ) is a cutoff function

Y12 = angle between vectors rI and r2

P (x) = legendre polynomial of the zth degree

AA = dipole polarizability of A

a = approximate quadrupole polarizability of A (adjustable)
q

k = approximately 1/2 r0 where r0  is the effective radius

of A -(adjustable)

{ai} = adjustable monopole parameters

and

n A ArnA * (r')[2"Prr'] i(r)A (r;r') = E-

HF i=l Ir-r'I

is the static Hartree-Fock potential of A with {tAI being the nA

spatial Hartree-Fock orbitals for the electrons in A P r,r' is the

permutation operator if r is an electronic coordinate whereas P rr' 0
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if r is a nuclear coordinate. Note that all quantities are now purely

spatial and that _A and WA are therefore explicitly spin independent.

In (22a) the first term is simply the potential due to the nucleus

of A and the second term is the static Hartree-Fock potential for the

electrons in A occupying the spatial orbitals Af ) The next two

terms in (22a) are asymptotically correct induced dipole and quadrupole

polarization potentials which die off rapidly at short distances from A

The final term is an induced monopole term which serves as a short range

correction potential. The terms in (22b) describe an asymptotically

correct dielectric potential which properly cancels out one-particle

induced dipole and quadrupole polarizations of A due to two particles

of the same charge when these particles are on opposite sides of A -

That these potentials represent a significant simplification over the

ab initio potentials is clear in that our two-particle potential is

strictly local and the only nonlocal term in the one-particle potential

is simply the usual Hartree-Fock exchange potential. However, despite

their simplicity, potentials such as these have been used very success-

fully for a variety of problems in the past and should therefore be quite

adequate for our purposes.

As it stands, (22b) is concise and to the point. However, one

important property is obscured. This is' that our two-particle potential

can be written in terms of one-particle operators only. To see this

we need only express the angle Y12 in terms of the spherical angles
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for each vector. Thus, by making use of the exoansion

P (cos Y12 ) = PI(cos 01)P£(. t 2) + 2 m=l T .-+ P m (cos 1)P (cos 02)

[Cos m 1 Cos m 2 + sin mo 1 sin " 2] (24)

where Pm(x) is an associated Legendre polynomial, we find that (22b)

can be rewritten as

8

fdr dr WA(r1,r2;r r ) - Qi(rl.)Qi(r 2 ) (25a)i1l

where

Ql(r) = 4'irr2W3 (kr))Pi(cos e)Q2(r) = 4dA lrd 2W3(kI) Pl(cos e) cos *

Q3(r) 4= I rF2W3(klrI) P1(cos e) sin *
Qa(r) = 4AIrl'W4 (kjr) P2 (cos e) (25b)
2 d
Q (r) = I/3JIrW(krl) P (cos e) cns
Q6 (r) = ll3 r-Wr(k(r!) P(cos e) sin 4

Q7 (r) = 1/3 a qfrI A W4(kirI) P(cos e) cos 2

Q%(r) = 1/124 lrl 3W.(kirl) P2(cos 9) sin 2
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Consequently, the implementation of this method involves the

addition of only one-electron integrals to existing SCF or CI

programs. in addition, if IA is replaced by a pseudopotential,progams In ddiionif HF

only the atomic orbitals of B will be used to calculate the

potential for AB.

a



- 73 -

4.11 Details of the Calculation

In developing a program package to implement the effective potential

method, our goal was to make the package as general as possible. To achieve

this, we have made our effective potential program EFFPOT compatible with the
10

VC II SCF and CI programs. This program package is a gaussian basis

function, molecular SCF and CI routine which will enable the present version

of EFFPOT to be extended to large molecules. The version of GVB II that we

are using has an option for replacing the atomic cores by a pseudopotential;

however, the form of this built-in ptseudopotential is different from those

being developed for large atoms . The modifications needed to make use of

available pseudopotentials would be relatively easy.

The GVB II progam package consists of a number of sequential program

steps which are outlined below.

1. Integral generation a) PLYLABS - creates list of unique

integral labels

b) PLYINTS - evaluates integrals

2. Integral preprocessing a) PLYIJLKJ convert output of PLYINTS

b) PLYPAIRJ to form needed for input

to GVB II

3. SCF GVB II

4. CI a) CORTRN transforms to molecular basis

b) CIPROG
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To perform an effective potential calculation, the program EFFPOT is inserted

between steps 2a and 2b.

EFFPOT calculates the additonal integrals required, <0-i E A j> and

<0 IQnI.j>, and modifies the integral tape so that the

insertion of an effictive potential is transparent to GVB II. These integrals

have not been previously evaluated for gaussian basis sets, and because of the

cut-off functions in EA and Qn and the angular dependence of Qn, the evaluation

of these integrals is rather complicated, especially for two-center integrals

containing basis functions for Z > o.

Although it is relatively easy to construct an algorithm for evaluating

these integrals, the algebraic detail rapidly becomes overwhelming. To

alleviate this problem, we used the algebraic programming system REDUCE3 to

produce the FORTRAN code required to evaluate these integrals. An explanation

of the algorithm used to derive the integral expressions and an example of

the input to REDUCE are given below for one of the more complicated integrals.

The integral we shall consider is

Px I Q4 I PxF> (13)

where the superscripts indicate the atomic center on which the (basis or

potential) function is centered, Q4 is defined by equation lOb and Px indicates

a "Px" gaussian basis function. This integral can be written explicitly as

r , I Q 'sl P,>

e3 IJ (k I ) (coS 91)XeF

-I4 3 -. (14)
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Using the relation

3 Z0 -ro

8r (15)

we can write

111 = Sdz x~e' rLJq(kr)z~r/xp - r

T -21- z W q (kr ) r,, Z X F e-X

- I, (16)

2
In ouder to obtain the term Z.B , we will set up a fake gaussian on center B,-crB 5
e , and move the W4(krB)/rB term to a fake center, D; after evaluating the

resulting integral, we will take the limits D- B and c 0. Using the

relation

-cr , C -crO 2 , e -cr6
zae 

(17)

we obtain

I-. D-;W,~ ~ 6~~ ItI +~C&3 1 3 (18)

where

3 4 -z e E e rrW.(kro) e . (19) ,'

We can also write

2 / C -a E rD F x(2 0 )
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where

- c e-ree-ep r r. 3 U j(kr0 ) . (21)

We can then apply the rule for combining gaussians on two centers,

e~r e~r e REF (22)

where Y +/ )3 (22a)

REF is the distance between centers E and F, and center A is defined by

#X :(o E, p F,) d. (22b)

We then use the Fourier Convolution Theorem to obtain the following expressions

for 13 and 14:

3 = e- r e (23)

where

(c r e r " WJ1(kro) (24)

r Tr (kr) e

and

EF (25)

where

1 4 d e-r r. iMq (kr8 ) (26)

tf r . (k r ) e -_(r ) _(r + R ,4 )"

S l -. r
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I these equations 6 Y + c and G is the center obtained by combining

Gaussians on A and D. The derivatives and limits in equation 18 are obtained

analytically by REDUCE and the result is that equation 18 is written as a

sum of integrals with forms similar to those given by equations 24 and 26.

These basic integrals are evaluated numerically and summed to give the result

for <PxEIQ41 Px>. To obtain expressions for this integral in the case

where any of centers E,F,B coincide, REDUCE is used to obtain the appropriate

limit (E - F, for example). The REDUCE commands used to evaluate all Q4

integrals are given in Appendix B. The output from this REDUCE code is

rearranged, using additional REDUCE commands, to produce FORTRAN code which

can be inserted directly in the integral evaluation subroutines.

The present versions of the EFFPOT integral routines are restricted to

two centers and s or p basis functions. Our tests of this program on LiHe

are described in the next section.

The integration itself is done by a 32 point GauB integration

with the IBM library program DQG 32. The other FORTRAN-programs

ot the EFFPOT routine, developed by ourselves, are contained in

Appendix C.

. m • I
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4.111 Test Calculations of EFFPOT on LiHe

In this section we present the results of the first stage of our tests

of the effective potential method. We have chosen LiHe as the test system,

and in this stage of the tests we assume that the parameters of our semi-

empirical potential are known.

Values of od and lq can easily be obtained; however, it should be

pointed out that in a semi-empirical potential, each parameter plays a

dual role. Besides describing the physical effect to which it most obviously

corresponds, each parameter also serves to correct for the deficiencies of

the semi-empirical model. Consequently in the best fit for the potential

parameters, the values of (Td, aq, etc., should not be expected to equal

the physical quantities. The values for the cut-off functions and for the

short-range part of the potential are harder to obtain. Our initial desire
12

was to use the parameters obtained by Peach. She calculated the parameters

for a model potential describing one electron outside of He by fitting the

parameters to electron-He atom scattering data. Her model also included a

pseudopotential to represent the Hartree-Fock potential of He; this fact

makes it impossible to separate the pseudopotential from the short-range

terms needed for the effective potential (see equation 7). Consequently,

for our test calculations, we use Peach's values for ad , aq', a and her

cut-off functions. In addition, we have guessed a value for ao (equation 7),

so that the short-range potential has only one term.

The exact forms of the potentials used in our test calculations are
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d1r' Zi( r; r: z) Zr + Z fdr'r
- r +ZF (r@r')

+ z' aoe ,- (p W2( r) - - (AJ 3 9'r (27)

(d 'dA~, r, ; r,, r':• z,, z. .J dr))r P esr'

?.(0q Z, ZLZr,3 r3 Xs(, ) ,/6 r)P,(Co0 5 (28)

Where W nis defined by

n (29a)

and N rn n Ix x
X () I - exp(-x) rr 0-- (29b)n rf:O"

The values of the parameters used are given in table 1.

In tables 2 and 3 and figures 1 and 2, we compare the effective potential-

SCF (EP-SCF) calculations with SCF 1 3 and restricted CI calculations for the

13
same basis set. The basis set is that of Krauss, Maldonado and Wahl

The restricted CI calculations presented here have the same asymptotic

limit as the EP-CI calculations, but do not fully allow for distortion of He

at intermediate distances. In comparing these results, it should be noted

that the EP-SCF results have the same R+ - limit as the SCF calculation,

but that at intermediate distances, the EP-SCF results go as I/R 6 while

the'SCF calculations cannot give this dependence. Also, the full CI calculations,

which allow for more He polarization, should give more attractive interaction
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Figure Captions

1. Interaction energy for LiHe 2Z state.

O connected by solid line; EP-SCF results.
13

91 SCF results of Krauss, Maldonado, and Wahl

. restricted CI calculation.

2. Interaction energy for LiHe 2r state.

0 connected by solid line; EP-SCF results.

13
SCF results of Krauss, Maldonado, and Wahl

restricted CI calculation.
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4.IVa Test calculations of the fit program

In fig. 2 in the last paragraph it has become obvious that the

initial values for the parameters in the effective potential (the

ones given in table 1 in section III, let us call this set of para-

meters p in the following) do not give a sufficiently good agreement

between the calculated molecular potential curve and the curve of

our CI calculation or the results of Krauss et al. One method to

find a better fit would be to repeat the calculations for a large

number of parameter values and so to calculate a potential curve

for each point on a dense grid in the 10-dimensional parameter space.

This would be the safest method to come close to the best possible

fit but it would consume an enormous amount of computer time and

therefore it would be contrary to our initial goal. A faster alter-

native is, to apply a fit program which uses as input the results

of section III and tries to improve the molecular potential curve by

some kind of first order perturbation calculation.

In order to explain what kind of fitting method has been used

here let us for this section introduce the following notation. p

is a set of 10 parameters which go into the effective potential,

W(p,R) is the complete effective potential for the set p of parameters

and for the nuclear distance R,Y(p,R) is the exact electronic SCF

wavefunction for the nuclear distance R and for the effective

potential W(p,R) calculated according to the method given in

section III. V(p,R) is the molecular potential calculated according

to the method given in section III with the effective potential

W(p,R) and at a nuclear distance R.

The idea of our first order perturbation approach is to calculate

first the difference between the effective potentials for two sets

-- - - - - - - I--II, I 4. -I -- II
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of parameters p0 and p , then calculate the expectation value of

this difference potential with the exact wavefunction belonging to

parameter set p, and interpret this expectation value as difference

in the molecular potential. In formula

V(p, R) = V(po,R) + <t(poR)[W(p,R) - W(poR)IT(p0 R)> (30)

as justification for the application of a first order perturbation

method we have first to show that the results of the exact calculation

are highly linear at variation of a parameter in the effective

potential. In fig. 3 the electronic energy has been calculated with

the method given in section III for various values of the dipole

parameter ad and always the same values for the other parameters at

the same nuclear distance of R = 3.5. It can be seen that the

dependence of the energy on the parameter ad is highly linear. Similar

results hold for the other parameters. These calculations have also

shown that the wavefunction does not change significantly under a

change of a parameter. Therefore it seems that a first order perturbation

approach to the fitting problem is justified. One of the inputs in

any fitting program must be a value to which we want to come close.

in the case here, the assumed true molecular potential curve for the
2

He-Li 2 state is the one given by Krauss et al. We denote it in

the following by VK(R). In addition, it is necessary to define the

quantity, a measure of the error, which should be minimized.

We have chosen as measure of the error of the molecular potential

curve V(p,R) the following quantity

D(p) =E [VK(Ri) - 2 2 /V2(R (31)iVpR) K(i
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The sum i goes over all those nuclear distances at which we try to

improve the function V(p,R) at the moment.

This fitting for the relative error is a disadvantage in so far,

that those nuclear distances Ri at which V K(Ri ) is small have a

higher weight than those distances at which VK(Ri) is big. Therefore

the computer tries to fit V(p,Ri ) with the higher priority near

zeros of VK(Ri).

The fitting program and all subroutines which belong to it and

all those programs which are necessary in addition to the previous

programs are shown in Appendix D.

Our experience running this fitting program can be summarized

as follows: The fitting program is started with a particular set

p, of 10 parameters and in its Oth step it calculates the quantity

V(Pi,R) according to (30). For this initial step it takes about

6 minutes times the number of points, on which the curve is fitted,

to calculate the integrals. Such a long time is necessary because

up to now there are no optimised standard programs of quantum

chemistry available for these types of integrals. It takes a long

time Lo transform the expressions of the functions to be integrated

into such a form that a library integration program can be applied.

(The 32 point Gaussian integration program DQG32 by IBM ultiwately

has been used. If in a next step one of the parameters ad" a qr B,

a., al, a2, a3 is changed then it is not necessary to evaluate the

integrals again because these 7 parameters do not change the shape

of W(p,R). They go linearly into W(p,R) and also the corresponding

integrals are linear in these parameters. Therefore it takes only

a few seconds to calculate a new V(p.,R) when p. differs from pi

only in a parameter which goes into W(p,R) linearly. The situation
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is completely different if one of the out-off parameters is changed.

Then the shape of the function W(p,R) is different and it is necessary

to calculate from the start the corresponding integrals again. This

takes at least several minutes time. Hence it is quite time consuming

to fit cut-off parameters by this fitting program. Therefore we have

done the fit of cut-off parameters partly by hand.

In Fig. 4 the results of the fit can be seen for two sets of

parameters which gave the best fits we could obtain for the molecular

potential curve of the 2 state of HeLi. For comparison we show in

addition the curve calculated by Krauss et al. as solid line. This

curve agrees quite well with our CI calculations (see Fig. 2 in

section III). The result of the SCF calculations from section III

is shown as dotted line also for comparison. This line is the molecular

potential curve which belongs to the parameter set p 0 and it is the

0th order result of the fitting procedure in this section. The broken

line and the chain line show the 1st order results for two different

sets of parameters. It is obvious that the deviation between these

first order curves and the Krauss et al. curve is a lot less than the

deviation between the 0th order curve and the Krauss et al. curve.

The worst error of our 1st order curves is in the region near

R=5 to R=6. In this region it has not been possible to get a curve

which is steep enough. All cons~iered 1st order curves with a

reasonable over all shape have been too horizontal in this interval.

Up to now we did not yet have time to make calculations for molecular

potential curves of other states of LiHe than the 2 r state. Before

we do this, it would be useful to try out a new fitting strategy

described in the next section.
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IVb. A strategy to achieve a better fit to the T state of LiHe

As was seen in IVa we did not get an ideal fit in the R=5 region

as we did not seem to get the fitted curve to be steep anough. It

is to be noted that so far we have fitted to Krauss et al. LiHe,

Tr state. It is also to be noted that we have not exhausted, because

of lack of computer time, the fit routine and tried to guess the

best parameter regions. In this subsection we suggest a new strategy

which we plan to carry out in the fall of 1980 when U.S.C. will

replenish our computer budget. The strategy is based on the

comparison of the shape of the ground LiHe + potential curve (which

goes asymptotically to Li + +He) to that of the SCF1TLiHe curve (which

dissociates properly) as given in the figures in Krauss et al. In

this we see the striking fact that the two curves are parallel in

the R=5 to 6 region and almost parallel at short range; the LiHe has

a slightly smaller Re. This suggests the much of the curve in 7 LiHe

is like the X 1 ELiHe+ and this is clearly charge-induced dipole at

large distance (R>4.5) as it goes at R -4 and Li+ - Helium

repulsion at short distance. Now the former effect is in our model

due to the a/r4 term and the latter in the static and monopole term.

(in which e -ar((a chosen so that the term effects the very short

range part of the curve only)) is always automatically fit with a

negative coefficient). This suggests that as a first run at fitting

the 7, that we work with the ionic state (a simpler problem) and

set our quadrupole term to zero and perhaps again start with the

physical value of the polarizability for Helium. This simpler system

should be able to be fit. The ionic system then determines the a,

its short range cut-off parameters and will give a first guess ot

the monopole term.
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Now we will return to the irL-He fit, and retain the LiHe
+

parameters as a start. We will then work at large R, R>7 only, fit

the quadrupole term and its cut-off parameters. This is suggested

again by the 2r state to X 1 ionic state comparison figure in Krauss

where we see that at large R the LiHe system deviates from the ionic

system and is less attractive, i.e. the effect of a R6 comes in.

This effect can only be found in the 7 state as at large R, the

Li P state can be reviewed roughly as

+ P_~

i.e. Helium sees a {+} charge distribution and the L 7 orbit feels

the Helium quadrupole moment. The next step will be to now fit again

at small R, the monopole term, starting with our ionic result. The

small shift must be due to a chenical effect which can be described as:

e -

We should be able to account for this with our monopole parameter.

Hopefully this new strategy will yield a bettcr fit with little

computing. The effective potential will then be used to construct

the X2E state.
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Failure in fitting by the procedure of this subsection or

in the construction of the I state will forebode badly for the

ultimate success of this theory.
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Figure Captions

Figure 3:

2

Plot of the electronic energy for the He-Li 2 state calculated

according to the method given in section III for various values of

the paramter -d and otherwise always the parameters given in table

I in section III. The nuclear distance is always R=3.5.

Figure 4:

2
Plot of potential curves for the He-Li 2 state calculated with

various parameters for the effective potential and the curve given

by Krauss et al. for comparison.

Solid line: result of Krauss et al.

Dotted line: SCF calculation from section III with parameter set po

Broken line: calculation with the method given in section IV and

parameter values u d 0,8
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Chain line: calculation with the method given in section IV

and parameter values ad (0.
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Theoretical studies of the low-lying electronic states of
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We report ob inii configuration interfaction calculstions on the states of the gallium krypton (OaKr)
molecule arising from the GaC'P1, 2 , 2,S1,) + Kr('S0) and Gsa+(So) + K&(So) separated stom limits. The

a potential energy curves for the states arising from the Gs('P 11,2,) limit%, the 1 1/2, II 112, and 1 3/2
states. are found to be repulsive. T'he potential energy curves for the states arising fom the GaC2Sl, 2) and
Ga+('So) limits, the 111 1/2 and 1 0 states, are both found to be weakly hound-, D, (111 1/2) = 0.047
eV and D(I 0) = 0.24 eV. The potential energy curves and transition momenta obtained in the GaKi
calculations have been used to simulate the curves and moments for ln~r and TIR. Using this data the
absorption and emission coefficients of all three molecules have been calculated.

1. INTRODUCTION and the ionic Ga'('S) +Kr(1 S) limit gives rise to a z

The rou IIA -rre as xcimr mlecles re on- state. We will label the states which arise from the

sidered to be attractive candidates for developing an ci- vyaee limit the 1217an 1 state that from the ncun

ficient, high power, tunable laser in the visible region ybrlitth22Esaeantatfo teinclm-

of the spectrum. I The transition under consideration is it the 1 'E state.

a perturbed (n + l)5 S, 12-n2P,,, 31 transition of the Group The orbital diagrams for the 1 2fl, 1 'E* and I tZ* states
IIA atom. While current experimental studies have of a Group M~A -rare gas molecule are given in Fig. 1.
concentrated on the thallium-rare gas '! ,tems, especial- From these diagrams it is evident that none of the re-
ly TlXe, as the most promising candidates, Gallagher8  suiting potential energy curves are expected to be chemi-
has recently raised the possibility of using the gallium- cally bound. In the ionic state, however, weak binding
rare gas systems by obtaining gallium atoms from the can result from the charge-induced dipole interaction of
dissociation of Gal3,- the Group MiA ions and the rare gas atoms. In fact, this

To provide further information on the nature of the interaction might also be expected to give rise to a weak

excliner states involved in these studies, we report here binding in the 211V state. Since the Rydberg orbital of
b inftoconiguatin iterctio cacultios o a ro- the Group MiA atom is diffuse, the approaching rare gas

totype Group IlA -rare gas diatomic molecule, GaKr. atmcneslporieheRdrgrbalutfte
We present the potential energy curves for all of the
states arising from the neutral Ga(5P115,515, asi/2) THE LOW-LYING ELECTRONIC STATES
+ Kr('SO) and Ionic Ga*('SO) +Kr('SO) separated atom lim - OF GoKr AND GoKr+
Its and the dipole transition moments radlatively cou-
pling the states. We then use the computed potential2 +2
curves and transition moments for GaKr, along with the
experimental atomic spin-orbit coupling constants, toso r 0 K

model the curves and moments for InKr and TlKr. With
this data we calculate the emission and absorption coef- VALENCE

nique developed by Gallagher and co-workers. to

11. ELEMENTARY THEORETICAL CONSIDERATIONS RYOERG c z)~
* Let us first consider the description of the states of

the Group MA -rare gas molecules without spin-orbit
' corrections. The valence Ga('P) +Kr(IS) separated atom 1

limit gives rise to a Oil state and a 'Z* state, the Ryd- g# K
berg Ga('S).tKr('S) limit gives rise to another S' stateLI

"Rreserch supported in part by the U. S. Departmniet at Ea- IO+ 9
orgy and by the Advanced Research Projects Agecy under 71. 1.Obtlderama for the low-lying; electronic states
contract N00014-77-C-0102. of OKrN sad OaKr. The two lobed figures represent 4p orbL-

NPreen address: Theoretical Chemistry Group, Chemistr tale in the plane of doe paper; the ci role repreents a 4p orbi -
Divttn, Argonne National l.Aboratory. Argonne, Illinois al perpsendlhlar to the Plane of the paper; the Sa Rydberg
641439. orbital is repweeented by a large dashed circle.

2172 J. Chesr.P. IB) 16 IsSpt. IM7 0021 41101/1XISM672601 CD 01173I AAIwtew Inetitute of Phves
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interatomic region, thus partially unshielding the Group with a single set of 3d functions, Co. 0.16 and C,,
lIlA ionic core. The binding in the 2 2E. state should, - 0.35, to describe molecular polarization effects. The
of course, be substantially less than that in the 1 'E' values of these exponents were based on calculations on
state. other excimer laser systems. 3,

For the valence states the repulsiveness of the curves Since the transition of interest involves the first Ryd-
should be roughly proportional to the number of pa elec- berg state of the gallium atom, the gallium basis set was
trons since the overlap of the two atomic charge distri- augmented with two diffuse s functions, C. = 0.026 and
butions is dominated by the overlap of the pa orbitals. 0.011, and a diffuse P function, C, = 0.010, to describe
Thus, the potential curve for the 1211 state with two pa this state. The exponents of these functions were ob-
electrons should be less repulsive than that for the 1 3E* tained from Hartree-Fock (HF) calculations on the IS
state with three pa electrons, and 'P Rydberg states of the gallium atom.

As we shall later see, at short internuclear separa- The final basis sets thus consisted of a (16s12P6d)
tions the energies of the 1 1Y" and 2 'Z° states are nearly primitive set contracted to [7s5p2d] for gallium and a
equal and there is a strong interaction between the two (14sllp6d) primitive set contracted to [5s4p2dj for
states. This mixing is strong in spite of the fact that krypton.
one state is a valence state and the other a Rydberg
state because the two zero-order conligurations (see the B. Calculations on the gallium atom
next section) differ by only a single excitation. The reference orbitals for the configuration interac-

A complete treatment of the electronic states of the tion (C) calculations on the gallium atom were obtained
Group liA-rare gas molecules must include the effects from a Hartree-Fock (HF) calculation of the 'P state of
of spin-orbit coupling. Using the simple model devel- the atom with the configuration
oped in earlier papers for including the effects of spin- IP: ... 4s'4p . (1)
orbit coupling in diatomic molecules, 3 only the 1 2H and
121, states are affected by the spin-orbit interaction, (The 4P set includes all three cartesian components and
and the coupling arises solely from the spin-orbit inter- all are equivalent.) The Rydberg 5s orbital was oh-
action in the Group IlIA atom. For gallium the 2P 1 /2- tained from an IVO calculation' using the 4s 2 core. In
SP3/ splitting is only 0.10 eV4; however, by thallium terms of these orbitals the refererce configurations for
this splitting has increased to 0.97 eV. 4  the other states of interest are

In a molecule only the z component of the total angular 2S: .- 4sa5s (2)
momentum, IS: ... 4sa . (3)

= A. Both polarization Cl (POL-CI)' and full CI calcula-

is a good quantum number. Thus, from the Ga(tP,/,t 1/) tions have been carried out on the above states of the
+ Kr(',) separated atom limits we obtain two 0 = 1/2 gallium atom. The POL-CI calculations include all
states and one l = 3/2 state (the 1 1/2, 11 1/2, and 13/2 single and double excitations relative to configurations
states), from the Ga(eS 1 n) + Kr(SO) limit another 0 = 1/2 ()-(3) with the restrictions that
state (the I1 1/2 state), and from the Ga&(tS@) + Kr(S,) (1) all core orbitals (ls-3s, 2p-3p, and 3d) remain
limit an A= 0 state (the I 0 state). At large internuclear doubly occupied and
distances the 1 3/2 and 11 1/2 potential curves are degen-
erate and are separated from the 1 1/2 (ground state) (2av) no more than one electron occupy the Rydberg 5s
curves by the group HIAP3n2-2PI splitting. As the and virtual orbitals (2P and IS states) or
distance decreases the I fl and 12:" curves rapidly (2b) no more than one blectron occupy the Rydberg 5s
separate, the separation increasing approximately ex- orbital and no more than one electron occupy the virtual

e ponentially. As a result at short distance the atomic orbitals ("S state).
sptn-orbit coupling is nearly quenched and the 1 1/2 and

' 113/2 curves approximate the 1 311 curve and the !1 1/2 The POL-CI calculatons involve 22 space and 33 space!
curve approximates the 121" curve. The potential spin configurations for the 2P state, 27 space and 43
curves of the 2 '' (Ill 1/2) and 11 V (1 0) states are un- space/spin configurations for the 2S state, and 15 space
affected by the inestusn of spin-orbit coupling. ad 15 space/spin configurations for the IS state. 1" Note

that the POL-C1 wavefunction accounts for the 4s2- 4ps
III. DETAILS OF THE CALCULATIONS ear-degeneraey effect.

The less restrictive condition, (2b), for the 'S state is
necessary to obtain a comparable description of this

The calculations employed an atomic (14llD0d) primi- state. Only by relaxing condition (2a) can configurations
tiw Gaussian basis met for both the gallium and krypton such as
atoms.' The core orbitals (ls,2s,$s,0,3P, and 3d)
were contracted to a single function while the valence
orbitals (4s and 4/) were contracted to two huoetlos be included In the POL-CI wavefunction of the 'S state.
using the general contraction method of aIteettis (see These configurations account for the first-order differ-
also Re. 7). These atomic basis sets were sagnmated snce between the 4p orbital obtained from the calcuta-
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tions on the 1P state and the p orbital needed to describe For the 2E" states the calculations considered both states
the angular correlation of the 4s pair (4s-4p near de- simultaneously. This procedure results in 556 space
generacy) and are quite important. Comparable config- and 1565 space/spin configurations for the 211 states,
urations are automatically included in the POL-CI wave- 764 space and 2314 space/spin configurations for the
functions of the 1P and 'S states. 'E0 states, and 368 space and 558 space/spin configura-

tions for the 'E. state.
The full CI calculations include all excitations (single-

triple) relative to the configurations (1)-(3) with only The less restrictive condition, (2b), is necessary for
restriction (1) above. The full Cl calculations include the 2E* states to allow for configurations such as
157 space and 263 space/spin configurations for the P la2j2vml5 l va

state, 204 space and 306 space/spin configurations for
the 'S state, and 42 space and 42 space/spin configura- which are important in the description of the Rydberg
tions for the 'S state." Within the frozen core approxi- BE. state.- As was the analogous case in the gallium
mation the accuracy of the results obtained from the atom, these configurations are necessary to allow for
full CI calculations is only limited by the completeness the inclusion of the s - 4p2 near-degeneracy effect in
of the basis set. the molecular wavefunction.

C. Hartree-Fock calculations on GsKr E. Inclusion of spin-orbit coupling in GaKr

The reference orbitals for the POL-CI calculations0  As in our earlier calculations on excimer systems ,13

on the GaKr molecule were obtained from an HF calcu- we have adopted a simple model 3 for including the effects
latlon on the 1 BE* state with configuration"2 of spin-orbit coupling on the calculated potential energy

curves and wavefunctions. The experimental spin-orbit
(la) parameters for the open-shell atom, gallium in the

In the POL-CI calculations the core orbitals (12 a orbit- present case, are used to determine the matrix ele-
als, 12 v orbitals, and 4 a orbitals) are always required ments of the spin-orbit Hamiltonian, H, coupling the
to be doubly occupied and so it is convenient to renum- molecular states at R=.. These matrix elements are
ber the valence orbitals so that (la) becomes then assumed to be independent of R and are added to

12E#: lo22ov2Z4ol' . (lb) the diagonal matrix of the electronic energies

As R - - the above orbitals become 00 (R) = 6 1
s ,(R)+H . (5)

The energies and wavefunctions with spin-orbit correc-la-4s, lv-4t'z, tions are obtained by diagonalizng H(R). This proce-

2G-4par, lure is reasonable only so long as (1) the molecular

3o-4so, states retain the identity of the atomic states from which
they arise and (2) the atomic contributions to the molecu-

4a-4poo1  lar spin-orbit interactions are dominant.

The IVO method,' with a 1t 2 '3alls' core, was used For GaKr the spin-orbit interaction affects only those
to generate the valence 2w and Rydberg 5o orbitals. As states which arise from the Ga(aP) + Kr(S) limit. The
R-,- these orbitals become the 4pr and 5s orbitals of Hamiltonian matrix for the n = 1/2 states arising from
the gallium atom. The virtual orbitals were also oh- this limit is
tained from the IVO calculations. ( E

In terms of the orbitals defined in this way the refer- Ho t1" E(.) r4 (6a)

ence configurati ons for the other states of interest are3  L 'XQ' E(I al) - XoJ
I a'll: 102oSo3l1 4 21 (2) and for the 0 =3/2 state is

* 2'E#: lot2attSao 151 (3) HR0a/aE(1fla)+ko, . (6b)

I 'V: l 12a3a1 4  (4) In (6) X0, is one third of the ZP,1 ,-IPV/ splitting in the
aplium atom. The energies of the 2 EO and I 'E. states

D. of OaKr are unaffected by the inclusion of spin-orbit
coupling. The wavelunctiona for the states obtained by

alculatiocn on 05Kt dhagoalizing (6) way be written in the form

The POL-Cc alcouhtiouts" an GaKr included ali single ~ [ +,/no" t li'oa ('Pa)
and double excitationsm relative to the reference config-
urations given above with the restrictions that 101/2), - sinaI 1 'Il. + cosl I 'iE) (7b)

(1) all core orbitals remain doubly occupied and 113/2) - 11 tll.) , (7c)

(2a) no more thamom electron occupy the Rydberg 5& where 0 is the spin rotatin angle. The wavefunctiona
end virtual orbitals ('H and '*" states) or for the 1111 1/2) and 110) states are

(2b) no more than one electron occupy the Ryderg lilt1/2)- I'Ve) (7d)
5o orbital and no more than one electron occupy the
vtrbal orbitals ('" states). I0-I1 Z) , (7e)
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TABLE 1. Calculations on the 2p, 2S, and IS (ion) states of The lifetime of the 2S state of gallium has been deter-
Ga and the IS state of krypton. For Ga the experimental re- mined by Norton and Gallagher"' to be 6.8 * 0.3 nsec.
suits have been corrected for spin-orbit effects (see the text). For the model used here the lifetime of the 2S state is
Units are as indicated. independent of the spin-orbit corrections. From the

Ga(Ga-) Kr POL-CI wavefunctions we calculate a lifetime of 8.2

Atom state ?P Is Is  IS  nsec for the 2S state (6.9 nsec, If the experimental ex-
citation energy is used instead of the calculated excita-

Total energies (hartree1  tion energy).

POL-CI 0.22523 0.12130 0.01912 0.97377b

Full Cl 0.23484 0.12750 0.02305 ... B. Electronic states of GaKr and GaKr*, without

Excitation energies (eV) spin-orbit corrections

POL-CI 0.00 2.83 5.61 The energies of the in'l, 1,222E, and 1E * states of

Full C1 0.00 2.92 5.76 .. GaKr and GaKr* obtained from the POL-CI calculations

Expt'lc 0.000 3.005 5.930 ... are listed in Table II and the resulting potential energy
curves are plotted in Fig. 2. As is usual in such cal-

Transition mroment (eao) culations, s the energies of the 1 21 and 1 2Z, states,

POL-CI ... . .2984 ... ... both of which arise from the 2P limit, are not exactly
equal at R = 15.Oa. (the largest value of R considered).

Lifetimes (nsec) The difference, 0. 001 14 hartree (0.031 eV), is attribut-

po-C ... 8.r ... able to the inequivalence of the 4po and 4pr orbitals and

Expt'l 6. 8  .... to core polarization effects (the core orbitals were ob-
tained from HF calculations on the 1'2E state which does

aFor Ga the energies are relative to - 1923 hartree; for Kr the not have the full rotational symmetry of the atom). In

energies are relative to - 2751 hartree. the plots the asymptotic energies of the states have been
bFor Kr the POL-CI wavefunction is equivalent to the HF wave- adjusted to give the experimental atomic energy split-
function. tings.

eReference 4.
6Fhis is the matrix clement 1/31(2SIx 12P,)+ (ISly 12P) In line with the discussion in Sec. II, the potential en-
- ('S lzIP.)i. ergy curve for the I ln state is found to be less repulsive

*Using the experimental excitation energy we obtain 6.9 nsec. than that of the 1 22o state, thus making the 1 "i1 state the
fReference 14. ground state of the system. In fact, we find that the

1211 curve is slightly bound, D, -0.04 eV (see Table I).

Although spurious minima have been found in previous
With the definitions (7) the dipole transition moments calculations on excimer systems$' 13 and attributed to

coupling the 11f 1/2 state with all of the lower states are basis set limitations, the well in the 1"11 curve is sub-

,u,(Iff1/2 -11/2)= sine (2"Z*I ll (8a) stantially larger than has been observed :ieretofore. We

1/2 2E 17)/r2 (8b) thus suspect that the minimum in the 1 'IT curve is not
p,(lfll/2 - 1/2)cose( aTi z " fe) just a result of calculational limitations. The depth of

I(1/2-HIl/2)=-cosO(28 1.*zl 118 ) (9a) the well in the real 1211 curve is, of course, expected
to be significantly larger than that calculated here since

,(JII 1/2 - 111/2) = sinG (2 S" xJ 1 l'fl,)/ (up) the POL-CI method is not designed to account for the at -

&,(!l1/2 -13/2)= -(2 Z'!1 xj l 3l)/1 . (10) tractive van der Waals' interaction.

Since the (2**E*xl IfQ) transition moment is expected As predicted in Sec. II both the 2 IE * and 1 IE* curves
to be comparable In magnitude to the (2 'E. I x 11 ' l) mo-
ment (at R =- they are identical), It is clear from (8)

a and (9) that the transitions from the I1 1/2 state of the TABLE U. Energies obtained from the POL-CI calculations
11/2 and 111/2 states can have both large parallel and on the low-lying electronic states of GsKr and GaKr. Dis-

tances are in bohr; energies are in hartree. Energies are
perpendicular components, relative to -4674 hartree.

IV. RESULTS FOR Ga. GaKr, AND GKr" GaKr GaKr"
A. Electronic Stots of Go, without spin-orbit R 12H 1 7r, 21 I Ix.
corrections 3.75 -1.02539 -0.96866 -0.93379 -0.85625

The results of the calculations on the Ga atom are 4.00 -1.07933 -1.01870 -0.99238 -0.90683
summarized in Table 1. The computed tS-IP excitation 4.50 -1.14010 -1.08688 -1.06440 -0.96758
energy is 2.63 eV (POL-CI) and 2.92 eV (full CI). Av- 5.00 -1.17024 -1.13516 -1.08855 -0.99287
eraging the multlplet energies for the IP1 1 t and 2P 1s5  5.50 - 1.19225 -.1.16324 -1.09545 -1.00070

states of gallium from Moore,' the experimental s$-'P 6.00 -1.19772 -1.17938 -1.09677 -1.00202
splitting is calculated to be 3.005 eV, just 0. 0-0.17 6.50 -1. 19"4 -1.18865 -1.09631 -1.00107

1.00 -1.2045 -1.19396 -1.09545 -0.99950

eV larger than the computed spacing. The errors In the 8.00 -1.20020 -1,19865 -1.09420 -0.99670
calculated Ionization potentials, 5.61 9V (POL-CI) and 10.00 -. 1 93 -1.20029 -1.09406 -0.99402
S. 76 ov (Ilul a), are sotimewhat argr, bein 0.32 and 15.00 -1.19076 -1.20012 -1.09502 -0.99304

0. 17 eV, respectively.
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THE LOW-LYING STATES OF GoKr AND TABLE IV. Dipole transition moments
GaKr+ coupling the low-lying states of GaKr ob-

tained from the POL-CI calculations.

I I" 11' 1 Ti ll]Til l ' Tl l 1111" 11- R I 2
Y-

2 Ina  
2 2 -. 1 211a 2 2E*--I 2E,

3.75 -0.9037 -0.7877 0.4095
4.00 -0.8462 -0.8680 -0.3055

8 4.50 -0.1365 -1.2090 -2.0676
5.00 0.0992 -1.2349 -1.4402

G.(S)+Kr 5.50 0.1257 -1.2469 -1.2456
• 6.00. 0.1166 -1.2554 -1.1893
Z 6.50 0.0984 -1.2619 -1.1800

- 7.00 0.0789 -1.2677 -1.1902
8.00 0.0476 -1.2777 -1.2310

cc 10.00 0.0163 -1.2898 -1.2976w4 G*(Zs)4Kr
Z 15.00 0.0018 -1.2917 -1.3101

22r,* gThe matrix element given is (n'F'ixlItIl:.
2

G(p r facltors). As R decreases rather minor changes occur
0 _" until R-2.5 X. For R< 2.5 A substantial changes are

noted in all of the transition moments, although the
-, I, I- ,, ,,, ,,I,, ,,IJ change in the 2 2 E-1211 moment is less dramatic than

1.5 2.0 25 3.0 35 4.0 4.5 5.0 5.5 6.0 for the 2 2Z*-l 2E° and 1 1 -lfl moments. The erratic

R(A) behavior of the transition moments for R< 2.5 A is one
FIG. 2. Calculated potential energy curves for the states of manifestation of the strong interaction of the 1 2E* and
GaKr and GaKr' arising Irom the Ga(2P, 2 S)+ Kr(S) and GaQ'S) 2121. states at short R.
+ Kr(OS) separated atom limits. The curves have been uniform-
ly shifted to correct for the errors in the gallium atom excita- Although, as noted above, substantial changes are
tion energies, found in the transition moments for R < 2.5 A, such be-

havior can be expected to have little effect on the ob-
servable properties of the system. At R = 2.5 A the en-

are found to be bound with calculated dissociation ener- ergy of the 2 ° state is ye0.5 eV above its asymptote

gies of 0.047 and 0.24 eV, respectively. Again, inclu- so that the region R < 2.5 A would be thermally inacessi-

slon of the attractive van der Waals' interaction would ble.

be expected to significantly increase the calculated well

depths. There is a slight hump in the calculated poten-
tial curve of the 2 :27 state, -0.026 eV, since the long- DIPOLE TRANSITION MOMENTS AMONG
range Interaction of the excited Ga and Kr atoms is re- THE LOW-LYING STATES OF GoKr
pulsive. This hump could, however, disappear when the
van der Waals' attraction is added to the calculated

curve.

The dipole transition moments radiatively coupling .4
* the states of GaKr are given in Table IV and plotted In 012*_2n

Fig. 3. At R- the transition moment coupling the 12l
and I 2Z° states is Identically zero and those coupling

, the (I In, I E'*) states with the 22E* state are approxi-
mately equal to the .S-IP atomic transition moment

* (after properly accounting for differences in degeneracy 2

TABLE 11. Spectroscopic constants for.
the bound states of 0I0aUKr and -L
62Ga'4Kr*. Units are as Indicated.

_______________________-4

GaKr GaXr" 2
1 In 21v I El 2 + 1

?*, eV 0.00 2.82 5.40

i., A 3.78 3.17 3.14 . ,, ,, .,l,,' l,, .,l,,,,ll ||l,,,,l. ,,,. ,,,

Pa, oV 0.041 0.047 0.84 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.(
k, cn-"  36 66 83 R (A)

Be 0.0312 0.0442 0.0452 FiG. 3. Calculated dipole transition moments for the 1 -E'-
1 On. 2 11E*-1 In, and 2I'-I 2E" transitions in GaKr.
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THE LOW-LYING STATES OF GaKr AND TABLE VI. Calculated dipole transition moments coupling the
GaKr* WITH SPIN-ORBIT CORRECTIONS I1 1/2 and 1 1/, 111/2 and 1 3/2 states of GaKr with spin-

orbit corrections. Distances are in bohr. moments arc in

0 rTatomic units.
111 1/2-1 1/2 11 /2-91 1/2 111 1/2-1 312

R X (,y) z (N.y) (x,y)

4.00 -0.0086 0.6135 -0.3054 -0.0173 -0.6138

4.50 -0.0576 0.8545 -2.0667 -0.0238 -0.8549
Go*( So)K 405.00 -0.0549 0.8726 -1.4392 -0.0333 -0.8732

5.50 -0.0701 0.8803 -1.2437 -0.0496 -0.8817

_0 6.00 -0.1007 0.8845 -1.1850 -0.0752 -0.8877

, "6.50 -0.1504 0.8850 -1.1704 -0.1138 -0.8923
0 7.00 -0.2249 0.8803 -1.1688 -0.1694 -0.8964Ix
w 4 8.00 -0.4405 0.8436 -1.1495 -0.3233 -0.9035

W 10.00 -0.7254 0.7562 -1.0759 -0.5098 -0.91'0
15.00 -0.7564 0.7457 -1.0697 -0.5273 -0.9134

2

12ps/21)+ K r  11/2 and 13/2 states become nearly degenerate and )tust
0 IL -- represent the curves for the two spin-orbit components

1- 1 Go( 2 P1 / 2 )+Kr of the 1 211 state. Also, at short R the 111/2 curve close-
15 2.0 2.5 30 3.5 4.0 45 5.0 55 6.0 ly approximates the curve for the 1 2l state. The po-R15 2tential energy curves for the 22-* (1111/2) and 1 'F1(10)R(;) states are unchanged by the inclusion of spint-orbit cor-

FIG. 4. Calculated potential energy curves for the states of rttesa
GaKr and GaKr" arising from the Ga(

2
Pt/2.3/, 

2S 1/ 2)+ Kr('S0 ) rections.
'and Ga'('S). Kr(OSO) separated atom limits. The curves have The dipole transition moments radiatively coupling the
been uniformly shifted to correct for the errors in the gallium states of GaKr with spin-orbit corrections are given in
excitation energies. Table VI and are plotted in Fig. 5. It should be noted

that both the z component of the 1111/2-11/2 transition
C. Electronic states of GaKr and GaKr*, with spin- and the x component of the III1/2-1I/2 transition are
orbit corrections now found to vary significantly even for R > 2.5 A. This

The energies of the states of GaKr and GaKr* with Is due to the changing nature of the 11/2 and 111/2 states

spin-orbit corrections are given In Table V and the re-
sulting potential energy curves are plotted in Fig. 4.
In calculating the spin-orbit corrected energies we DIPOLE TRANSITION MOMENTS AMONG
shifted the I 2l energies to agree with the lz 2 energy THE LOW-LYING STATES OF GaKr WITH
at the largest value of R considered (R = 15.0a 0 ). Again, SPIN-ORBIT CORRECTIONS
in plotting the potential energy curves, the asymptotic

energies oi the states have been adjusted to give the cor- i IIIII II I II fU II I I I I I , I r, 'TTI I

rect atomic energy splittings.

As predicted in Sec. I, at short R the curves for the ,( _ 7 :

TABLE V. Calculated energies of the 1 1/2,
11 1/2, and 13/2 states of GaKr with spin- 0 , x

orbit corrections. Distances are in bohr; MI1l
energies are in hartree. Energies are --
relative to the energy of the 1 2Z state at
R 15 S#. -2

R 11/2 13/2 11 1/2

3.75 0.17228 0.17484 0.23152
4.00 0.11835 0.12091 0.18147 4
4.50 0.04957 0.05213 0.11329
5.00 0.01841 0.02099 0.06502
5.50 0.00538 0.00799 0. 03698
6.00 -0.00015 0.00252 0.02089
6.50 -0.00234 0.00040 0.01170 -( =. *I C..i. i lliii 'I i J l'. , , ,
7.00 -0.00307 -0.00022 0.00650 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0
8.00 -0.00316 0.00003 0.00215 R(A)

10.00 - 0.00280 0.00090 0.0010315.00 -0.00251 0.00126 0.00120 FIG. S. Calculated dipole transition moments for the HI 1/2-
11/2. 111 1/2-13/2. nt 111 1/2-111/2 transitions in GaKr.

J. Chmn. Phys.. Vol. 69. No. 6. 15 Semtanmbw 19711
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TABUI VII. Excitation energies and ion- THE LOW-LYING STATES OF TIKr AND
Nization potentials for the Ga. In, and TI TIKr* IHSI-RI ORCIN

atoms, in eV. Taken from flf. 4.

Group hIA atoms I IIiliiiiiiItiiirrrT~

State Ga In TI

'P,,, 0.000 0.000 0.000 6
2P3,/, 0.102 0.274 0.966

2I23.073 3.022 3.282 TIC'S IKr
'S.. 0~

>6
ISO 5.998 5.786 6.108 . 10

W 4 'I2SI2*K
as the atomic spin-orbit coupling is quenched by molec-. Z I
ular formation. W

V. EXTRAPOLATION TO InKr AND TIKr 2 2~ Tl-7 1 )K

To provide information on the InKr and TIKr mole- i
cules, the latter being the most experimentally accessi- Ti2P12)K
ble of the Group IIIA -krypton molecules, the potential 0 LIf TiC2 P +r

curves for InKr and TlKr have been estimated from the
GaKr curves. The excitation energies and ionization 1. 2.0 2.5 3.0 3.5 40 4.5 50 55 6.0
potentials for the series Ga, In, and TI are given in Ta-R(A
ble V1I. As can be seen, this series does not form aR(A
steady progression: In has a lower ionization potential FIG. 7. Model potential energy curver for the states of TIKr

and excitation energies than Ga, as expected, but TI has and TIKr' arising from the TI(2 P,,,, 3/,1'S, - Kr( tS,) and

a higher ionization potential and excitation energies. ln(IS5 )+ Kr('S0 I separated atom limits, see the text.

This anomalous behavior in TI is due in part to the fill-
Ing of the 4f shell (C'Ianthanide contraction") and to the orbit parameters for In and TI, see Table VII, were
larger spin-orbit interactions.'s These effects are only used to couple the curves calculated for GaKr. The po-
partially accounted for in the present models. tential energy curves for lnKr and TIKr obtained in this

Way are expected to be qualitatively correct-, thr' curves
To simulate InKr and TIKr, the experimental spin- are plotted in Figs. 6 and 7. As before, the plotted

THE LOW-LYI 'NG STATES OF InKr AND DIPOLE TRANSITION MOMENTS CONNECTING
InKr + WITH SPIN-ORBIT CORRECTIONS THE LOW-LYING STATES OF TIKr WITH

to ... SPIN-ORBIT CORRECTIONS

6 2

6 0

2 
-3

Xn 2 Pg,2 3*Kr -

1. 5 2.0 2.5 3.0 3.5 4.0 4 5 5.0 5.5 6,0 -C111

R(A) 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5 5 6.0
FIG. 6. Model potential energy curves for the states of InKr RC(A)
and In~r* arising from the tn(2PI/2./2 , S,, 2) Kr('S*) and FIG. 8. Model dipole transition moment& for the 111 1/2-1 1/2.
Ini'S0)+ Kr(1So) separated atom limits, see the text, i 1/2-1 3/2. and III 1/2-11 1/2 transitions in TIKr.
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L. _T.
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V
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9z Z
Lii
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FIG. 9. Calculated absorption, K.(T), and stimulated emission, g,(T), coefficients for GaKr at T = 300 and 1500 'K.

curves have been shifted to give the correct atomic I'i D[R(v)] g.

excitation energies. The effect of the increasing ,(, 1 =4jRv)2 (vieI di'/dR(&) D(*O) gA
spin-orbit interaction in the sequence Ga < In< TI is evi- eae[v)kT
dent in Figs. 4, 6, and 7.Xe{-$Rv)/T

In these equations, J refers to the bands associated with

Using the transition moments obtained from the calcu- the 2S,/g-2P, transition, v0 and X0 are the frequency and

lations on GaKr and the wavefunctions obtained from the wavelength of the atomic transition with a transition rate

TIKr simulation, 'he transition moments of TlKr have of A0(J), g* = 2 for the 2S,,. state and g= 2J+ 1 for the

been estimated. The moments so obtained are plotted 'P, states, D(R) is the transition dipole moment at R,

in Fig. 8. g. and gA are the statistical weights of the excited mo-
lecular and parent atomic state, and V*(R) is the excited

state potential curve relative to the energy of the ex-
VI. ABSORPTION AND STIMULATED EMISSION cited atomic state. [M], [MI 1, and [X1 are the concen-

S COEFFICIENTS FOR GaKr, InKr, AND TIKr trations of ground and excited metal atoms and of rare

The interest In the Group IIIA-rare gas systems arises gas atoms at the temperature T.

* from the possibility of their use as visible laser sys- In order to obtain g5 (T) and K,(T), the calculated

tems. In order to judge their usefulness as lasers It Is curves were first fit with cubic splines. The spline fit

convenient to calculate the pure absorption, K,(T), and was then used to calculate dv'dR. and these quantities,

stimulated emission, g,(T), coefficients for the perturbed along with the atomic transition rates,4 wereusedto cal-

atomic transitions. Obtaining quantum mechanical re- culate the absorption and stimulated emission coeffi-

suits for these quantities would require a complex cal- cients for pressure and excitation conditions relevant to
culation which is not justified by the extrapolations used the experimental studies. We have calculated the coef-

to obtain the InKr and TIKr curves. Consequently, we ficients for two different types of conditions. The high
have used instead the method of Gallagher and co- temperature results correspond to the case where the

workers, to which is based on the classical Franck- concentration of the metal is obtained from the vapor

Condon principle. In this approximation pressure of the metal itself, while the low temperature

results correspond to obtaining the required concentra-

,(Ths = [MiXIX( e/i)A.(JXx/)f,(vT) tion of the metal from vaporization of MI3 . *This latter

condition has been suggested by GallagherP as a possible

K,,(T) =[MIXI(f/g)g,(T). exp~h(v - L)/kTI means of obtaining high concentrations of the metal at

and low temperatures. In both cases the densities used are

. . ..-- - r - -i I |1
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InC 1300K) inKr (1200" K)

I-z

O KT
4 4U 4A6 K 4 11

0

V V

400 450 SON - 6
oo  68 Too 7W 40 5 L x " o 680 7oo 750

\(nrn) X(nm)
PIG. 10. Model absorption, KV(T), and stimulated emission, g,(T), ocefficients for InKr at T = 300 and 1200 *K.

102/cm 3 for [KrJ, 1014/cml = 3 [M('P, 2 )]= I.5[M(*P 1 5 )], especially accurate, we have not calculated g. and K.

and 2x 104/cm3 for [M( 2 S,,/)]. Since the blue wings of In these regions.

the S 1 z-*Piz.,12 bands are due to transitions occurring The resulting absorption and stimulated emission co-

at large R, where our curves are not expected to be efficients for GaKr, InKr, and TiKr are given in Figs.

T"Kr(300K) T •Kr(1090K)

z
W 

9

UT

Xlnm) Xlnm)

31G. 11. Model absonpdim, K•(11. mad stnlasd emission. g,(T), coeMelents for TIKr at r -300 and 1090K.
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9-11. In these figures the solid linei are the total coef- Chem. Phys. 65, 2679 (1976).
ficients calculated by assuming that the transition mo- 'C. E. Moore, Atoodc Energy Levels, National Bureau of
ment. D(R), is a constant. The X's are the coefficients Standards, Circular No. 467, Vols. 1-Il. (U.S. GPO,WasingonD.C., 1949).
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14M. Norton and A. Gallagher, Phys. Rev. A 3, 915 (1971).1B. Cheron, R. Scheps. and A. Gallagher, J. Chem. Phys. 15P. Bagus, Y. S. Lee, and K. S. Prtzer, Chem. Phys. Lett.
65, 326 (1976). 33, 408 (1975).

2A. Gallagher, private communication. 16R. Scheps, Ch. Ottinger, G. York, and A. Gallagher. J.
3P. J. Hay, T. It Dunning, Jr. and R. C. Raffenetti, J. Chem. Phys. 63, 2581 (1975).

BI

S/



110

AppendixB



cII

11

W,

(13

C. ata a M0

C-1C
I It:Z

d' C. 4-IM ncp 4. - T. - .........

a ~ ~ C- %% %.. .

4; Cp . to I
Q- 3 *% x *k~

. . . . .. 0 1, nc f% r. CM n I' mr2 m nc*r n' ca crr alr n

ON e ~ LLI.L.C.C.* * b be e e e eK~.

- * it, C: i %-- *. -' -, - Ex st ow.f P, to ~'ft "tr :mx r r. cr
L ~ La . * L. Lbbbe' L L LI~l'' VC t- W~O '~-O

V g g * * * a

4,vKAKKfaaa-aaaaa5

a- al 00t G, G.- Gi eit-G. 1 I d 16 so: e:ebb Ks~ j) 0 d sit 0, K- o 4t e; dim aid. 6-1 v~ C29, 07 G .N ale Come



Cc W

*C$

Cy

C. C, 4 Nd ,dC

-W 7, C. C.Ce CC

0, N~ 1, IQ x. I.. ow

r'

Dt goN IN I

lI >N NNQI

lb L V~ ? IL 61 I, C *.L, L, 4o 9; V~ L, t~ W* IL, W V IV I W g to g 4 ig 4; Go t goo pg G C. el 4. 11, ii V Vi VUw 0 , "

D a aa a a aa a a a a a - - -a a -a a - - - a a a a - -

- a ; 41 a 1 a ) ita os fa 1 .G .f 1f 1 R lv6 1 VC o4)4 tg :L o4 ba o a- a) fa a9 5aa a a a a a n a aa a. C Pr
Ni~i .0. r:. ~ W W W W~ Ni i~i ~ i~i -~0



1"3

4..1
IPi
II ft+

. 4-

09 30.4- .C

* * of fI
w 21. N

l4 *%. M _

1bK ~p. W) on

tZ* PA S.4
ir t 4r .C N *~i V. *. E *

ft* li itP~ ii 11 It
1* ItI N ca hL o. 4V 1 . 44 % o I

if 4, *0N w r r
46 to 0 .4 FA

4- L Q?%. a -y 4

z LI IL i' ILI

40 f. . %~r. W- . 1 P

%-Vo to 17~ - It. r of fr. C a
N. tI sI o. *t W19 It f,-- *I f" . .. . ... of ofs

n. ..... C 7 ftos. ot a )C Y *.
r 40 *r 4 *.d4. C4'& C% . .16

-. % ( Oft IS. c.o :0 .. 'I 0 U .&*, 0 0
C~~Ir flow4f 0% 6. 21 ctI I II



lilt

c ,

9 I %.

LOV L r
CY3 p'cu



APPENDIX C



ILI'

INl
1.

0.0

0
V, 0 t.

o w

NW ~ Z U)

0O Z

U +l) W 0

W un 0 P1

z X M O o Y0 ) * N

--
+. 0i

X- * 0 U~ - l. a
00 <l) I-- N -4 OD4

- I(,- q in V) * a ) -I

a UN W- -

4L =~ U.'- 4 ow Vr 0' -Q -W

0 o-0 1 - 7 -) a a -- N - -- S

Z D o A4 Z Il x * U) L.1 CMv

0. P.N N Z D11 uj w 0 - - > Aj _ >> j o.g ><- > >
M*mK Wo X 0. Z v- PL- Ar + ) .4x +
g)U Eifl* ... J -1 0U +U0 >0- >~i > ) a%- .

00 -c Y.C I.I. I.- Z La - -+ + - - * + - + _

.1 VCz .1 1 ZI 7 +- . *.. W""Oo ww-)w-) OOu .'.'*3Cc o
-1I 0-oc N Z W) - 0 U)ZV of'J 7 Uk--- WXLI -- ""

9 aW...v7m w-4> 0*.0 * > >mU->).uJ

aavy-Ifl I- _tLj _,-o -*- * *- -11 j s i

J X.0 0 3

ILI -Y r.U

a 0000000000000 ooeOeOcO00soCo

'I.



UI
0

a4

0%

N
N

00

n- a -"-I

00 00

Wa 0_ a Q 0 -9 -c n Po cn"' 1
0+0 J. + - '4j ;0j

*.*4 A J* ode 4c-...J j U

->4 *+ >

aZaa * ) -- Za &Z 411110 o )JZZll~ll~a % 4ZZ 11 a 11J

44+-Nom 0o-~ e a OOF 4o 444.aa *MP, :00Nm Mos.*4
4
a

.4~~~~~~~~~~~~~~~4~~~~ a 0 )9a.- a aaaa~i ~ a-- a , ). 9

ZO.N. '- WZZIL.~-~---wzI



01

ILI

0

Y._0X_

0*
>a >

*+

4>>

* * +

ii a IIK )e- aaaaJ 11 a! -jx ~ ~ ex x ~ ~ ~, 111

ZZ£l1 111;zz zZ cZLZZZ 11 aaa 11 Z- U

'~~s C*(. Y U.OLL n ULJJ 'J -

.N M4~ 44N 444 N,4 m

rcC CC0 ae o >~ C 'c CC>Laa C. CO O ao CC o ~~cCe
-jtj L~9 ~ 4 4 L j ~~..



0

IL 1

'3r

ao - Ll W~.-c Cr ti

IN CZ O O \2
N o 0 acq a-

16 Z a Z Zu . O
I., Q ) ). U. ~ . .* C

0 n W I. LI I- 4t -'

V) -0- wl: W- i- a ~ )-~ - Z3
< Q2 LL Z .U - Lj I -C

0 U *i 0 U o @UC- -7 U -

z X t is - Qo -. a
4 U Li _.j z. b- *Z f-Z Z7 ~ 0 4

V) I U Ui U W ) (x 14 WW -. - WWC d -

4U M < * z x wL 0 * 'jJ W,... U ~ -L iU

M < V) LQ -i I.- D ; 0. * * .0-4 -.i*P-
LI (1 16 M -3 WU 0 LLU * 0) ~ W1. 0 0 41-,'

*)C0 0 IA ai It h..1 W.V Q N W ) P-- : LLW )- 0 I
0.. L1 CU. LLZ Zl a- *J x L) -0* gnu@ 11-O W 1.- I-U

Z , N V) V0 Q0VP a O0 _) 13 i .7- C, -L-L 0Z 0 - 0

Li xP - w vI %0 L;- .- z U QU 0.0 0m L 0 .
"0 0. U) cjL QI < *NOI 0 w l a- - Z) )- I-
.U, ~ o V) M~ I- ULV l)4 N * C l 41 - 41

UZ 0 Wa. ( Z- 0UJ 0Un Ojy* ~ C~ MLI *-W I~
_j U) Naz UO U 1.0 .J* X OT *--.* -r. 0,0

13~4 WOI Nf<, IL..; g... 4 U P-I4W)%* War) C 'a~
, I-C 0 'UW ..- r 1 Ca-L W .. DLIV Oz* OiW-* *. *a wwo WL

ej -ti U) Ni -w LJ-W C~ Z 0-I.? AL. *I IU J Z *Ol -. )
4 ~ ~ L .0 y'O.U'U noX OI-Ufl u.o - 4 -. V.-,U - 0 . J w-

Z -NU a) P.~.- I- 0- :) Z3 .)C fa j* *WW0. a .' (3 M 4
- 70 VfIv~w it %* *+JJ'' Ls0 ZLJC '-dL n 0.* to ai. * ,

U -D* I-a N *U-j0 4..J LnW ICta ).-'W 0 .- )LC-W .

*11.04 -7UC' ' Ofa4 0 3 u. 0' * r*~. 0

V) -aIJ OC 0~L. 0U i Cz O D.* 1- *0: - *' 1CI I-r Ln 0 -

P1- -(r LU)NNNa - LI MI*UL )*fc .- -C' S, M0 0UOV.- *- *CI

0 3U C I- .U00~O u 1 I*)X cnr *U : oU'-.- * f.- - 'LI',-

atr I0 -I: aX INU 0 if If (-IZ iit *.L...Lfl* - - * ~-4< . @ '

04~UU. UaJ. C*I-O -W1. 1,- UCOZC *W>Lf*UO-w z0 UZ 7 tL
D.W '-CO *..V 'N DO ~ I . C~... 1 ~ r 4 7.

-N o C u..-..jUN M0 I 0 ).P4N N W. -, 0L W I ~l.~' I L

Nrco CC:'- NUO~bW IN. Na..Ct N N (1 r , .c

OC 1±2.j.s UCLCOCC*40. cocc10 .. j - e- - Cc c - cc-
r* C).O ZOOO CU 4nC0aC -,OIO C o O c C

U - -' J O:End



02

w

0

L: P

' L n

- z

a. .

N Z S.

0- . U- D Ouc

- z r O- U L
0 L, U.. *0*L aC

LA- v n0i0L -3

LL) X - -'1- 1

* U.) LUC Wi

LOo >- z* - c-

7 L UA-' m-.NZ- < N
< 7 70- 0t o ~ atlIII r=t rf L
DO LL X * > U? 0' Z

L CV C- L4 ?!- -- I- N X IU=*I O ~ m M ~ O NLL L< ;
->->- UCC .w - wu-

U- 9 L 9- U4. U-Lr ) LZ It- ,L LA- LLc *LoC

-' b *LLZX. . LL
* j) C. Np 0 L

C: c C CS , ,c ,_ C a. Ce~ W~ -L.. C ~ 0 ,C 0aC 0 r .0 C ,C .CC r0t~ - r N~ CCC ,C C ,
4 

I C,
C, ->..>-. LJC. 0  *Cg'C -- Cf a-. < ** 2 0C' '
% -L . -9 Z ~ ~ ) ( IL P * .C ~ * 9 a L ~ ~ O ~ ?~



UU
w

LL al4
cx a v)a xC

w a M o

z I.. 4r ;
*j 4(~

4 - -'

* 0 <
T Nr * 1.U

> xL x a z vNN

I.. I t l 1 1

N C3 u 4 %D ZN a 03 * XNr
Li *T ff> N - 0 U r ~

0i 42. * 4 In x 0 . *I
v* I l V)L .0 U, it 0j Q

- * c r- -j . Li * zU * - z ': : Cc . 17 a. ox a
4 0 _/) L LL am) u Ll. 4i M. 0L t k

a' n x W NW - 0. 4 >-Jfl> <L
90 * 0 - N L I.- a ~ W .-~ , L

a *. Z I CC 0 p u 0 ,n O -
u X 0* LL Z (q l Z 011 V - v, or) I-2

0'.. xao U ,z-c * -. 11 ao - -I

) *M C< * - T Z .0 & -1. - NL U. C) N I' Z I
OI- * I 00 , 00-- -- 7x NW 0 - - 7*-

-i 4 M 04 W*'-~ 010 IL a .N 0 - I to 10 4L-fc_ 11

a I- ZJ Z-n C Ou 4 -7 1 (1 \ - C n 4 I-O N N

Zh-i N >I M W -IQ U)U .Z.O 9 i ON OU 0
<N 4 LL 0. *i, C 1 . 0 z Li J U., V L - - *0*-r

aU Li 0 U0 0.l *%V C 0 ZL U'-- *%W - -. w M0 X9 * 0 0 -

*04 ... S U 044 * N.- MoZ- *- - Z I.- . Li~

-4*r*jO*UUL. ZCUM U- -L'V L -k:, V- U LJL . ~ ~ O

aX 'L ~I- ZU -- - .Ir0, . - *r -

> 00 Q 4.CI..I'C 0( .L% Co 0 c 0 c I ~0NU I
Wl N '0~X~h**. N-*4Ai *( 0 9 * 0 0 * *

c*l~ c O c c, n *o - - -LI -~ -~~ -L. -~ -I e. V Nr. NN N N fr r)~ r,\ 1 rt-)

- c c c c- -- - - - ---- --- I----- -- J---- a--~ -
0 hIC, ~ U .0 -lcc Cr0 c o c C oc i c n C nC in ~ C~i 0i~ f-f r4Wcc C



C.

c

NU

**N 7 LJM tri

(\j CD 4

a. IQ<I-

-Lj < z U. U4q-(Ia

a N U + * INr

<I VNC* *L

x4 4\ -J N a 4 N * .1 ME

Lu LiU V'J4 (n (I 3ENU r" Nj*

o ( <* 4.J 4. -. ir 4N

L.W M CY N -kUNG

*N 4 *jLJL * -

I 4* * *: <Tr
-< -r I

r* * U :
XNU C ~ L - N +

N N. LL q~ Q . iU)+
*) X * -JC ~ r)i L

N + 4 > N>. ua z >- I IN
W vmJ* - u v N. W~NJ*L
I( V o N *4 N 0 " - * 4 -*.I

< P 4i*U) c, Z a I'i 9' -,J 'JW..
Z a~ r- U C >. l)CA. -n -' N* *N + N

I %-I * P- Ih.'X j LL 0 4 <14 Cc auj - - r')
liUjc ~ 4u .j LL. N-Azr <C +
X )* - M ** 0- N .N.F) * 4 ****I

N r- -T NE) Z U-..N.. C NN4 * < M
" a U MWF X 4 WU.1X4 2_ 1 )P N

*\ 00- * *N *U- -1 1 r)-'-'U -ju I-W<-*~ MI o0U
-).. r ) 0 0 ' 0 4fnr) X** >- * * 4C A I U W

A Al4 N AaJu (U - - .-. 4t v *. OOr EL \0 I

x- j y 0 -f I- L)-L u 0 x -m - \~f *O .- I w \U 4 4N u * -Il a 6 -L nU
0. C~~*N X a f.r .*. N ..0 411- . \~ U ft)~u)u - Eta -MZ * W-

I * *' Xi oQ*NM Zo * ( - aI)~ 0-LI*C -* 1 ANUJN*** Ao *

* < 4~X )t - - o.VU *1 U * 0 lL* L* IX N fn U. <NLL .1+J4X N W W
C - NT*LW MaQ U W N U0 1:- .N a.W -N .WL) L X. tLd) fl * * .o \

* 'N.-'N* -J ~4** WU0 .- O)Un -=)(4 ** 4* * *NO* wL am
0* ~- *MN * * *NF :) >-U -I* - Z) - ClW- 0 < U -. \ .T 4J NQ, ~ C '

.0ZUW C\ (.JZOZZ-.--W W.-.I-. o*Uz I *UZ a* *-N I <XOZ

q - Z~ IN *Z--C~ 11-I....-. ..J7L! .- 11XZI- ix7I- I <47 -7f!7.- -. L. LL
N - LL Nj I U-L'-LL U 9 I W Li 0 U. , DU , 4U C 0 U,- LL i-W L - I .'- 2N,- I 1 0L - - U " L. 11 1 (L U 1

CaVO Ua~...VC ~ UUUUU0ca-0 c.a a ca -<Mr-'cc
* *** . ) * . 0 N * Se X

*i ia a a al
L N N fl)p -n Nnr c N In 4t 0-

- - , O - 0 C cc. -v- - V- . N
U: N m ~ 04 M M F) In F3 F)

z
a c a - ,F ~'4 t'o P.- Ma- mm' 4U'0 PQOkO - "na 4t U) 3 %o 14 a 0-INI4t)

6-- -w -a -V- -4wo WOO -rj;4 4 jQ cF-r

C cc~-CCCo0 CCOO Coo C.,00 0 00 C% 00 0 CC, CC00CC

16 10 5



kI
0

ww

N- <I* XLP NI *0 N
m ajv* M* '-N -

Coq(, Aj I*4 *-.*. * * ,

NN V j
rl~~~~~L N\ It. N aM61*. L 3 NI (
it~I =* - *X<O~ QX'd m~ 2CqIN*4 -

w CN N m *w t-m*I-N- * * CV Z Z 4V X M I
4 

* N * cc

a..Z )( 1)4 IN a Z< ~~~ =-.- <*-fl
< + +I 4-*w rc *WN<< 0 

4*
4

*fli.*x *Nw)-cr. a * + 0 cfaL (c* N* LL. -<< _ *M* .NW IX EL~ a 1- 0 It Un - + a2 4 +NN4NZ>< WJ LLJ Lj NY r~)+O* **w + a ) -*vlw 0 - W Ii
aj z~ C S * -C * 0 . C

e (NJ q N - \ ) if N Luwaxa.**f< a7 N~ a) I E
< Iq-.. )( NN ZI

AlD a 0. x L0. a N U

< 7 W2~ *4' ** ** xi 27 <U < <

N - U) r U r 4r 0 0'I-~~~CW) V I**s' -a 7N9lw 60) Ui(n V.U') -
4 < x E 4 Oc]0 1 m qmm 4 N 0. 0o~~~ C-*4-J . lrcm **...*mC* ; AX w W r-~ UVI .Ma0 <*.qmNNj*O 4L34 *Le N..I7 * N I Ver- ' ~I-I n'j0 at~~ zeu C * *N-A..i.Ng . N N* uV..WNWuUx X.0 I.u Uz LV u LL

U.I.**e* 0 &L Ls.O**N<M<*W 0 V)_-I I t tl -N, W Wmom4.*tmm* 4ZZ z *oIc0. NY + U. .oo
4.... +f*~. X- M -"-_O vp -M. U W.4 4 4 V LflU) I 1N XM .001 1 In

a .~~ 0 0 0QeJNM I N I -m ON-NN C~m OZ oWI QNX NW LU WXkr<N*ZN\X o~r) 9 r p) *AN O.X7
* w Ct fr. **'*** I *fla* W...0.J.W.0U*

- " L IIE M*4 L~ 2I-n -Liu -- mom*c~r7j-z...... 
2

N - N 0> Vr^ F" 0 .0 V v rU U).) U 
.)

fr --- --... NNNNN NNNO N N&M NZCO oCC occooocco 0 O0 000C CCOOCO vccoe 0 cc aIf.



1124

IJ,

r) NN * N r)

. -Cn * * r'-
C4c * N* X 14N* x a

+ * +* V)
N czZ -t*#

f C\3'7 Ir I 4 0 I4f
<ouM N*4 .* *r * D 0 (

W)* * C*

N U.# n<Nto -44- "I~,**7
Q' WVN* m4c U;N t* * ?-I NA9 ~ I
I'- * *CO-4z* Iin+ U t-N+ W 7 -a coM4

MI N3L4i~ *W :r * * * L > *1

C uI Y* u I -co* * M N 0N * * *Nfn
W) t* CDUi * 440 * -c -41 NJ N 10N 1

Ijo 0 1 Mx mam c N -e ) . N-
N Oc +rn I +u wI CDr* f ; *c +4 D

S0 N<*Vm* wN 4KI * d C%, )( m * 40
o Ma -* * U) *XoQ x L CM -O Lr 0 F)M)r- * N C

N 4I 4 c X( A,*a- I Wj co I dc Nun

o .0D* dcX 4-4.. * 0 . 4*
1.) W L-W * Nj Do c\J* 0U 0 - - N-.0
* * 4 M M-< -F N' I:x N Inx0L411

0. N N -Wq *- - < *X xu** a X. W) LLI- (D .4 I - I70- 1 n<NMN +(x Y . *Id *'l)N IV M 4Q **Qa
a + A.4.N N* to* 0 "4) UU- t 0 m Ok * M I * QM

U) * 4 N w < X.c44 *- - EL N Q. %L t IW I -.tr, I<
0 Or - - A c ~ * M- E ~ IIZ a<) Z U) a ri' + u !') + v' (
1 fol c 9I 4* -

4 N*. 44% ~ A3 A -* v d CYa] N c U U
wu) d4 X .*4. 0 ~ C %4U * 01) rO~4 A 4q

-Z In 4 * '7 . .J-O(Y N) M XW UILIC IAI
1- 'Q 44 U~*7. J-' + 0 z .If) * * x .'

-W .- U .NcI I*U NI* rx~rn CO u N.' ~u L LJN*
LL VU. WI V -L fl) aq rx v \ <N4 ..J LL a P-r' g- N' +U

()~)U) 4**IV.J .L * I3 a)4 0 .4 \ i LiP Q U -44 WUU v -r .j r
N-' * N'tN U *UL 4-F' r) 1',17 -c N Lo tr. A 4f* M 0 <* M 0a.e

a*wD a4 JUW c M W41t n ) ) 4IP * F) U - -" vU) P) InW U) U .J*W I
0I. M CDZ~ W'rf) 0 oo0 - 1 1-4t -- 4*( M * E

oZ- a1l*4IX *I -eJ Ul p ( IM ) if) 0 0 InaU) o*. m .%c*o<<
X- cc ~4t ac* W 0* NM* a- M-<* - - -0 yf v* -* - .C4.
* in qx4+4*4*tL- FN7 * L X4P0U LL I tn .U)r.N I aW . a X 910 -U. I*

I-- 0.INC.YONMW s-U.. r W .7* .)L 00 1-4 011 \W M 01 I %W Cc4 0
4.- * I M* 0 1 0. 4* * V * IZ.mom0. W *-LM O.fA*P).O * A o* ?r - Ae r-:n C

w v9AC4..<-I <f A...I)*M A-%.*+t o 70 - I*' -07-a - to X - CL 0. -*
Zin O1Imz*-x t ON-0 0.O~-x &V 0 ex IflirX o-.I-X r- >- *-I--X N *-tjl*

Me-.N-IM341NN-W XW x4tx7 I )-0-wW uj .'NWJC *-.t.9I-fz.* P4 W 111.- 4nN
*W.C 4.-* OLL -* 0. N* CC M* Q N * 4 O wVoo 01rU-:N j+N * s .JNC* .J--

.....- 47'C,<UNe 04411 J.UV n)-V *fl *I-=)- ..- U -c44 4 \ *-UwE4 \ *0 IvL

7-14~0~f 0)uml-n.~c T71 QJ-1.l0I -Dcqf +N
- a0- Cioca-Ajr Zot-oii <*7ZI.-Ol *IJE -.. JZ0. 1472-ZI - - - .,C:

*1 v**. .0. No C, a LL Na -0 O O M

I) in W f L

> C v tr v t C 0 0 oCV4 f-, v VV c

40

a 0i' IPW F- cO o1 0 U-N M 0 N C NM4 Mir)L 11-UO'0 -N fP14# tr 10

a NN N NNt N NN Nfm NNNN NNN N'NNN NN N N.N t!N N
c occ It, cc C' co c' %CooC OCO COoCO cc Coco00 CC cc
U.



u52

In

w Y o* r

' U.'4 + .. d*uxN *4 x cc 4<0 (%J*NCUo*

* +*OZ434** * I'~'- MM MJcya-
Olmrn+TOUrn *. N4e4 -* *- X

N< OZ kN It a4N4(g mrn * .W *

N4 C* I<W-XZ.LM) * * XWI * N* "N%-Cvu J

F- ~~XN Jm* xNN#mZ'\N

O m ~ 4lUco*<* 1W.

4 WI- wU *W E cV* (* Ill* * ** -.*N*11

* *I-q * *ra ar w-', *('**N I
zNzouw*.4 -MU.NJU4Lmc >-I0

M v - <*IV-U an+N*M I ff - J*nv a)* %0-
-CI *4I4)*LU~ I~ -N f~~~ 0nII< UV +I -V *i)4Q

?-i * *ma'W3*.- t *V *I*YN -11 ( cI * OL(D
U.-A ~* Co ~ .l D N W" N4V I- inO' U;+ w* II*m1 * N r) ) ')* I

NN A *V x I ILX * * Av + *fn*
L'U)N~~ILNNO. z of.- 0 +~~c44* .r. 17 * l

I I I-Wj 0 U N+ aN *) *j MU Z* -C U 4N~ * u * ..J( a ~ In U to*
N O4CMZN. ILN (V 0e0 Q iC M XXM *I.O .t.0 U' C C '-qa X . r9

*J CW 4. N CNX N OOUX )(C- x4*O N~** Ow w U * 4 -
+ LL N we N < i . a fo - 0 N M X 4Er, c tI ZI7- X-~ CW gWgEC-

S~~~~~~ *O* . . . rv (Y~Oe ~ g e

1*U l * ~ w q 0 \ L 0-It -a --- C- - *

CL T~ 10 a) 4~ CO N0 , W -Iw Z- - W J IJ 14
NI < -- -t:2 fLL t1 LC U . IC.( f) : + U) it L' N .U .U 11HL

C'~~~ 000 99000*90900600 O0~ 00

) ) ) )n IC ) )



o w
0

0

O 1 (D~ N~ ~ M CO *i L 0 *t-. * N .. M v * - -

0S-M O*4 * XC* *+n*Cx<*r)4* I

mcNUx** -N44I4WY* 4uCN4MI aN*UDV c~a-

N~*C I*-~ J I
CU> *U*~a NM*NP~4.2*z4I N4-cT -~uw)( I4 M tc

ua ~C*<U>.*w ZN-*+ 1 (04<X4

4 fo4m *WYI*MIrwcicMX*x r)

a. 4*7NM<<* I*U*4tf4U

*4* 1N +_ < 7>-=AMinn* a -* W<Ww

0~0~~Qa.,UUI*rr ) 0 xP+* 1 LC'J* a4N I W'LN1fl
-- NVLa**qNOV* JW 0(v~my u *.LCJ>*XON**I I X~ac.)aW

uj NM I. NY)* **cW q%)p.W* I-*N)
Oq 1. w LM M x*zx * w n 0_). I

- W *.& r) 4WOMA. a 0- N v w4xL L4wU % yI-a-4U 34
i*<*m-*. - )-xw,*.A* *a.qw4 **a I -MY x * **jMct**4tLc4.>*-

N* tro* 1 4-* L)CM-I*Ln**4K_+*CY*X ML DO***ONM0* <a I WWY~mc

4<.W*4*+.qN- Y rn N g44 P*#i- I W -_w
**cNIXO-zxILI 0 N-N M -Mz (j *U) Ic *a.NI)44U~cuINMN*

+ I ~I (* I * * ZI*0Y44*U* X*O 0.7a.O~

*ILN-NOW~~~ *-.*. VU If4N-f N CO***-'IIT# .!flhf)MD*_**
U7>N741JIfIOa fl.It ePNU(V I >4+**Mj ICWXO*< rN*%, )N *fl* Y)U N*'I

(A o~w I4N4,0M+.*M. V44.4% J.OZ..o *1N*NI0IUfa

ou<..* *4*<UZ w n

wryN**> M~~ 4) -~..~a# ~~ * ~ * *

-J

z
4

a. NNNNN~N &% ~N (\i~N

O LCL C OO C



t0

C

+

M*Iw N4.X ,

Q.~mo 4*U ~

* **P4 * 4 NIDVZ

LL*v X~)UN2 I a* XV00

ti I4 QXy * dt(* X

dc0*~* L X4 40+ W 4 I

P4 * * 4 P4* -UK* U
**x* -In *a)EL ID*X*A

)PPVe* P* 4m <*fny

W~ I MMU-.C4I p*M*U3O

Ok in* Cr M 4 1 P*4kI) M 4

>N(4* L~(*~N
4uJ

f^ a *v N 4t a * * v

oV *) 0 u>W -l~:* L

V .i- of if C LL*a:*ID U'in
A wi N N * *4* < ) c %0W Or4
inA W) Ifl ' U. (L CU * 4 ', 0 X U ItX
a. czo 0 oo -k ~Q * X C )*L
i( * In - tx *LPC* *Nw...NM<U)* *
W tI6 -0 _%w 4 ej"%2* X* ** OA.

* '.N 0 )r 0( U7A ma NN - m U.
,~*%. A** * c * x w< lD~ Z

fLn cc
' 

In -0 0 ej CUIN'*,vX*X~n<*tC L

47 * ' *JW O' 'K a.-*IUx**%N aa4* *0* *

m aIS ZI Z zozzgv m £. l

N.- nl~'h- x

Ll Lo 4fF
4  N

>P- V v jrw w

U. 00000000C U
ILU

MOEN



0

0

N

0 C

wL m

4 0 x

I1 
0

0 0 0

ZX

NVIO U** W
IX L-M I- * *

w4 ow-m .
zz V- 0 1 *a w
* A. I- to *jL 4

0- *x %U) :) v
*W V at W I 0 O I.
z lPj- - I M * * O -

E PUL c p. U. * C *_ 0 UN ... Ma* 0

oo 0 UI*- Q l * l- - .x A.

ZoL-DCL. 0 o aa * n
D N o - * *N noE~.- a

CLV a 0;J ly 0-i 11 a ?Ir4 Z j cOJ -7Z
-O VGoo-u.~

Z.. aC~ IL 0-

> 0000V.00W U

a .. %W '- *0-cm *eN4 0o. *

- 4O7Ni-N' III

ac ooc C XflU'.WIW)

0.V oVcc.VO.oL U-acococIoo I1COCC
6.I

* OP. 0~ 0o 0



0

C,

w

Nz

U'.

v I

I.-A.

ao

Z 41 Q k- w

0 I_ O 4. L)

CTX- * U

A W LC - LL x 10' *-*CL
UJ,' 00* 0 ww.- 0

I- N 0. -10 W U a L -0P wu
u Cc -Uo.t. 1 1 M s1- DXX 0*zb--M- * 0 D M - *- m w

:0 NU'3 ~ .- *O0'X U. g mr- 1-- 1.-
Z.Wj*41 0LJl: U.x 0-. "'3- U L troi 1Z d
0,- qCrOO-Y-v)7v U.x *J. U. In

* -z.-Z.w 1. orIN $- ifca o-c It vu.Mm o o

P- c~~ CCl~-gV,~ CccI; ; - - ggVIN
C000



C 130

0

4

CP

N

N

U..

494

CL M

3 CL

;C1 X L - M 11

M .' - a. a
ey oi Oemm 0

* M. i-u - 0* * L

W ~ .1% 1 0 . 0. c --
qu 1.- 0 0 O NN.~t V)

" l- N0 < 0 0~ V *% c a -OCW* w
U) -\NW.-u.- T a. £. -c I.col. 0.
o L Z -Wl Wu0. 0I - S-lMl,.J D O

YT.CM 0 I- LU*0
*I4% c U. U ) "' DcV 1)LL MU

U"- ~ ~ I- CLi or~~
CCUJ 0 . IC-- .

N P P0L,- P) 40 *- ON. ID 0 Z

b..cc*-T OUD I- O *.J0.0.W (/'

c-ccoo accoc O oO0000

IL 00



o 12

(V

04

ac

00

x -j

Uq4 0 X

4 U. 10 WUm c ~ 4 49x

* J 0 .- -- - 1 491
7-4l K4 U Lt. 0.MtCl v r 1

IJ, N - * u W * 4o - - -

4-U or 0- N C

J -j . a. 1 ofi- . fU I4-**X f :t it
o z 7o. 1- . I. - - 0 - * ,'e0

U CL Lk VU DC0 UI XV UJ1Lt(UZ

U. 4
4
c a.t v tn .M I I

I-- C C) C c c - - 1 - .t -- -N
7..~ 404U U. 0U co



'13

CL

NN

Nu
14

0

nf U.

0 0

Ii 0

w
t4 0

o w I-M

T 4M U. 0 1 

CA- 0.wc D O m0a

r v o cWI I- ' .

Z I-OW< U W OC oc < Vu4 w 4O NVJt c )I- LL x- 1C
Uf N\0JL -0 -u O* ac:, aI-L ~ -fl 90 a LO-- . W tm

u ~ *wooa I I D OX0.- C *ZIu, g- I- - Q O c* t.) o3141Z 0
*,4..0.y 0 UN r C-WU
v c L j m 0S. a44-ruo it U1 Z:

C.JI2-CCj III 4J .. 1 M< **W 11 1 U.)
54 ~ ~ ~ IV *UX U. .U 4.MC4U U C . K tL'

UN\ *o 0 W~a~~--*C-M -

UMU O 2.1 -N ooc PICO'- O*X)C%'-. C, - NM 0crc ~~ *OCca3.JcJW 4o - -0 N NN
a -Zft.~ jJco'o C. U -04 IIL oco 'C CO

- o cc oc0.oocIococUo Up.-b.-



0

00

0-c

am

0

I-. D .-

.L Li N

V u -. C) - a
Q OLo w * * * -w

V) I X*a m z 11 P * N

0- U 0 0 -. 0

CJ NOJ.W D -Aw m*~

000--_j. 0. I -q it **N 0
< vO ' CL I- 0 *y . x- M L

uj,- a - *w -<- 0
0-1" - 0 I-U a3~a 0 L * .J CL

040.- c3 v : a11 =I.- Ita:X
2-Z*a z 0 oIcr

D-N ONj *U40ccv *Q.. b.. 00~Jj
I 'UJ\NMo It: ox - 1'. It 0Zj z00i-cc u *Mo - 0. SJL.

-CCL

cc~ 0' 0' 0

z

00 c0ocnaCe~ ooO Cee'oc o 'cooeo 0000
Coc



o 13't

Li

I.,.

4(

0%
.LN

in y
0L

0 > 0- -
4 0 9 (4NL

No w U- ** .

MWI -

* 0 . j-cuI0-

U WW <- 0.)x

1- U 0 CL +0oJC

7 J CL< rV - 7*- 0W

OO O t o cu P.'

-:c e~ U Dn o) UU0 q 0 * ~'4NLL )
U-QUN-O-W0 WQ aQV0 -U**-C( Lw UL

in ~i -u.- ~ -Itb-*'..

O a. ~ .I .) p.- s..--.

0U0 *0% U --------- NNN

000000- U. x4*J*.IIC.0 Zcc
* iL* ~ U WW * - - -



0.

C

0

44

MM

oM

0 U.1
z0

U.

U..

a u

1 LL. 0- ua
4 U. D +-VI

::C ) V
nmyu *aL*

0 * Kt jM-A
zI*oq -MW*

C< M M- *U IU< *
I0 0. WW * CJU- ( 0

~U U "% ilalI* 0 0

Ox @-QU. LUP- of O* 1~ W) -

a U t:, LU. U 0OQ 4 ZLJ

w *Q w- C

u 00CCCO C. UOCC4*O000.9IC.. U
'-..--i *UC00 9- 00 00 *.J9.LO. U



u'3

0

00
C c

Lhi
'3j

00'
0z

0

I-

Cw C 0 -.L C

0o **U
0- -)-C

< L a. U. X 0 911C
4 U. 0 V* --

V 1 9-.~ -a I t qi- * -

_J74 a.ci

w
J 0 u
Q

z v4T U '.. O
c- UcV0 4 U0Cl''

0' o-O.W W . '**Ju o eco n- . -'* '



2u7
0

4
L

IL -

U 0

o :3

0' x

x Z >I

j 0-u Cu

(In Ij0 -
W W 4 0 V) UJi

J: - 0.C 0 0D> I-~- to-l-
E- U.- ow- I 0

M4 w -

l' t.UJ~ . 0 0 xO

C2 z u " Q z z Du

=1 b-LZU a- NM 0

OV) u~ () .L '. 0 )
O . i-4N WLLCL00. 4k 0 U) W

I i l'~- 4,WLL 0 -E 0.- J tic 0
J4-- p 0 91-C-Lo * co

-O - l' U*" Me x
0. 9-U ILuW I. 9- M 0 Uh x C

0r- ix X0'. - - *. C2L- C :u 0 uX -9 0 4
00xww <D.Z -<.J -W (a -j 0el

"a. O om . 0 O* UULI. al -

C*u .OZ9-OC 7 U4. 07 0.iL -0N 00. -

Z 0 za N Z.C WI of I. 7Z9 -*9. 0.*M4 07 I ii X+11i .
9 -UU.IZW),.s.& 0 1.7 Z-.-. 0 U: Z o- 0 010@O 1 -w- I )-

1,- --%W-m< 0 n0 *x ; X0Il il Z" X0.O tl)9-ih1 WO fLr * XD'- 0. &Z f.-:.)vCnz( <XZwfl0OCJ OOOUflz-Ctu 9 X CCL -I-U OW .L-79,-OU.oU0.~j.Orjx
C-ZOU) 0 . .'1.l9Ci.- Col iTizw49o-C-0of IZWOO-0 szo-exe 0 C+Z 4COEO*4y04,D

- U0.ii~i~IK0 ZKZLL...4 <*-ZKw w ... 4Kt4..i XLLZ.... 4 11g4 11ii
= 0LL-3w L M MW uj ltl Z - 0 IK £1 -1tu If lLL 1 LL IIL; -4 : 4 . > II .1.I li K 4 U 9. 0700 Z O z

>0 0 0.4 C C
> ~ -. -n a 111 NM

z

6- C 0COO 0Oo~~ec~0Cc~ooe0oo~c~oco
acoca ooooooeocoooooooooooooeec
C coc



C

CC

0 m
v 0I

a DO
0CA' ': - 0 q(3

JA .4 A. 0
II- a N o

x a X U) L
0- D WO a v U L

X A.. Z4

Oi ~ - M )

wnQD U,:

V)C 0

> 0 O- 0 0 0 C

uP kno All U
- J

Iz r* D .

0. 4oe 0

OVCOOC ZOOC O00
-I i.-crt - OC u0 00



C 30

0

0.

Ni

0

-LJ

z W

z > --

z

VI-

z >

'0 z Z

zzx x O+- -

LU. * CX:Ij 4-+ -

X X- ow 0-X

D LI £ -11 o A1

0* - lf o- I-

C- i u L )u

z, Ccc OCCO0000000
4



U.1

0

N V
0

o M W

u < z

-e 0 0
CU z .

N * W Z
z 1C -C w a

4- %L - - -- (x

*0 uu -
0 uj (Iz n cVJ-. aU

I * 0, Q Z U ) WL J .
>. 0 0 0 0 U.. 4T u 0* 9C

V-g U V) 4k4u Z M * L
*(- f uj uj o) Wr - U* P D

z ON V) w -s 090 O0 () I l - j * -)I-*,
- vAP- r- -%WUZa. L C . * A.L U

a - . M( - x - . * %CU 0 *L
i M -- V >' 2. J) * O% Q-

y (n a) n IA W 00 .. a C% Li - .
0 / we- -0 UJ 0..10 wW U 0- .. WO

z 4C q~ *4 J. .- w CLw4 u . C w wQL L* W
C: CO ZC X t?*7 X O : u - >-3 Wxf

0 v x ln --- W i 0- 4 01-0* 1- V O
Z-j 0'- -O.J..l~ LiL J.1- 1 . In it * WO L -U1*

3.C 0.. %O II 4W w w L N 0.* ofa.3
WN -W, *Q.UF 0 w' o *C~ J* a- tu 0 1 i 0

o'- tn N -C *k *->.u 00 IL Oj z -, . * WX OW0
.I zu)OJ 3U'If .. Dc (P 0 .i 0 LI I-).*X * 0 1 WL0:

Z -, If ) () M-c )V if it *j a .J Q. 1 *wu 11 *Oco c rwaou - =I L,1- xE c ;

U.VCD. ZZ7 *a '# g.. X WOW a LM. *W* WW 04-C.4~* - uu 4-\ Z 0 . .*z.*n. a

0.0' Efl~- 0 *I W0- LL*.s) ) * Z) -S

wN .a.. O0tZ .U MV- .0 0 In Co* J O ~
U *W~ Zu400.cZ 00Cf , I...l o*.Oioc ocC.voc C.,- 0 *wU. *0

.joIfl *o. ~O~CI Coco ~ 00 0C000000000co 00 000000000



N01
Q

0

I.,

a...

zii

zi U3 -xz
I.- z

a~ Z.

xi 0 ZZ

-r g " M a

w I.r M uo
N. **

00- Li **

z 0j (V U 0 j0 *OUV) *a
C4 o4 aJ* cuaQOla

-- 00 .* 0 0 i 0W ** GZF- (z to -jLJ U. r. (I* U)3~ U, NZ. - z. 00 VJ t* N ** u C~ ** jC
-w -~yw Xi 0 1.- A. Ina <- 4cu

Y~ aY uI. v-~~ U~ Is On 4- 4z 0c .7LZ

C X I v-* MM c a) '0-I 0 )CX-JL W-Lt*9-
%sL , - C- , 6 LC x( Li * er ZI 4k +0- -40-.. n 0 C-.. j. Li~ -oi- Ia--~ *1k--+J 7 Om. JX
- 0.Q'.,g I- N N >- lD0.NI no~ UUU44**U4.

x ILz 0 WnI, XXfil 1 1 It so a4 if~X .1 0 -tu W- ar 0Li ij c -O7 U-C UVJ * N 4i N N A 1 It111 OO1 ... JC 4 - O-N%-- of- 1 1
C.. r%2I 4.j aa r:-7f 11 11 11 C1 11a. ***F-j- 4l-WLr 4I. 111-11* .- . L

N gi*-- O..OC-g..m IlliC T,~. LLO MV~noxtq4 c *J. L

IL u

Mc oaLN F1 0 0f~ f'- *4 a0
> eqyw o r 0 L' 0 w 04 -

us - - - - - * -
U U...



U.i

- w
4OD

i a.~ * *M w + c
0. 44 N-.0 41

4 WLI VV4 0 0 4 tmw
I I* * *cr (I N v* m -

N LN NN41 x W .

-*..4X * +0 . -N
V. W LNW -N41 N -l (%7
N * 7* CI.J( x* ~

NU ow N MO **.U -tL M X 01 t
m. =V4 a N * W * N W NY Z 0

-a+a. * N U UJ * - 0 N P- O.
+ N41 U*N. 4 -4 +N q .<
N M. NWO -.. ax a .M N 7

-V N<- MMXW * - -I.- U - 11 z

m- m ~ X*1- -a*- V * 0 N1 CU 01 M C
< 0 CO44 uiN- 0*LII W *0 0 - V -n

41 cr *U.- Ulj0u 0. M 6 - I.-C

o -N e 0.44 *MIN vI XW W1 -f -~N
U+N + EL -N M~*Oa n: U a4 0, K
* - -W I41 * ~ +. I. -- I -c - N

Ito -N VM a-N Na * LiJ -L X 71 I.z
X 10 -MY~ U- 0M w U aL Uo0(
r x -X * x *WU.O 1 0 4- Q ..

2:0 * Iw -WN I *0-< N - a zZ a (L
m.. 0 *O ifOL c N ki LI LL *. - w O L 1)

wu f- X*-4 a<*4* mi *' 41 0. - NWj 11EX - - i(
= a N N W .t a XcxLQ X N 41 0 I CL 0 ca. zZ_

0 Q.0m N v *14 I... -*w W N 4 -4 i>- 0 .UP-w ---
WJ AX M.4 * - N *1'L *1 7 a N U. 0- Un W- W C-4J W* m

U) LU - J WJ x N 0.*U N1 \ I .x U. y4 x t "I *e")r7
z- * 414 WO. l- V * M--- Q. *4 wi x I*V N 04*31 0 LJ

Q 0V *) X- M1 a -4 X0.- - W-" * w . C 01* *00 41410.0.
* - LL LI a %W *"L- WLIX- X Cau. - M * ?- 0 V L W -

a U) CL *4 * .4 M 4* * W U.w E *4 * aL M -w
- N N -L 1-vU MW ~I ) NN 0-1-1 ~woo

WLA..U I0 ~ I McX- -. .-MNa.4mz OX a m, 0 .J.J L:_j-
*'I -j i FIr.( LP*-r)I.L0LjI :0- ofs '0 WS*LI'V I Ow >- U -N -..J

(I Oq -N1Z-4 I 2MO1r0 - N *W-V* N 0*~ j- .. 11 <,
nam 41 0 <0-m. MN-m x c r I- 1-v V - - O4XxLuv Z! .u

7u-Uamc....c. um * - << mmo.0.0
1: 0 L I ~~-.LLI- M M M~a... N. 14 -'I-X 1.-0- aL N 01 7- U.LIxx .
I -P-0 * )Cut VX+*4 -Z * CE 41 wwcI I-IWL ..
0 9.Z * U.4*XU W t1 U. 'N UJ*fl* O UJ~* 9 -. N% c

4
v
1 1

:-N
OWi-- W -- O'NV3O-1N-13 00-y~.

' 0 44 41. t* -00.4 U q LI WU WO - 90 411 VZZ-c4t *N..- .c -k4

Aj- I... CL *-.--x -- L - 0 _9 -j * * -* U-'..oZO C.7 6 *t'- . *-z *
-O 't 0 04 W -~0*1 wing-I- rv00 0.0U. LIE 0--0

- a Z0.jl-l 11 -- ~ t~NIs.t zjO. 4 - LLLJZ--Z

U1.-NIX -- M dl -a 'a.L1L-0.tI0 -a

c-P FA. -, ow e, 0 -0-
> %~V co o ~ ,

z
<U

M. rmo to,- CO a~4U c. 0- NI'1,U) cfaicl 0- NM~40ViO?00C4l rjr)tl40% ... r\Ul'n
I- COOc 0 0CC cc cc -- . NC.CNNNNP)' "Ir4 *

c Coe a 0000 00 cO 00 c'eco OO0.C 00 0000000000 OOOeorO



C)t
0L

0m c***
0Nt*~wN

w tm N * U , vU
x 3WIUN ~ DU

*NX. *gJ < N* * * d i-ax + - NI*~ T*40

- - '. I -- VA* *ifl(JcW<WcMN' * *) 06 (1

+ x N~ Q . r.0.+ XN a0 * a: 4 .u M X A
N -*#.- * j, X *- MW **a M 4 tt ~ *I* x x

U. U. C_*U O.O- * **' td *LJ **xil) *K
W u *1)41 *

4 1
b0.V I * II.L.*I1 14

N * * N* 4w NoaLLI * -Xr+U'* N~-
N .N N m I N*-a0u*N W. NX *w * - n U.*7

co M N w NtN 0.0 ** X U. X*:=Mn+j 7N I I
'C- 4 4e ) ( X.-.NQNL. UW U. Go. y ZwI

x x .jaN aj0* * W;*NICOJiMi u l * a <or) 170 -
IA u *u C*XX *U 44. *-7*C1M<) (...u 7 7

WL * fn I (\j CD . UTX*MMXDX a.vu cc n r* L4 + I $- x I
IJJ*' * f N- -C U.9L LU ** * W * * x4 M )N * a Nil1 X *

I-j - N~ co u.;** * 1* (I.4NNjCY* NN-* X* YC* N ** N N
1 0 N I4 <- 1 D CDC Ir-- 'u +)Imww*ym C 

0
-N CD

0 .0 Na Nn 0aMd* .* Yl-* * r IN40 * +O*U xA0 4 41< O
fL0 W 2.* 7* * 4 0 4  -N* a * jw Lu wux I MN0.* L X a

-~ z To x I -I * xZ *+(Vlo)r uo *UL W 1
-. * a~ LL UN*N X (\j C- M -N M Xt tIJ - X <,I U* *

C) wx x X c U-~ Y NX-<I'v* oxnm a-40.-* *
I.- Q Muj (D 61 * 4 ~U *LXW <c~ ~n 0< * a- ... '- N C\

N > a: cc 0Xx *X* W'*U X~Iwlq4N*_W I)-% I
NO 0 * * LUC1 MwJ-Ou--* W**a IU!~ vn*. . Nl- N

zo wu NX*x -C* u.)* MI N *C\,u*-*ULj S*+ 7
L -* MU~ 1) 0- WN )cL) L kU) aMN * -* * - a.

m) *wC0.a -aiLL*C.jU*x Wj* -u e- M(-INL XU *4
0l C. gx ~ - * i,4 * 4* - 4* NW 4N=*+-.X)4w wa vJ

0 Z - a\ Ll na0Z -0.vua-2* * - a X V *c M L * 4
Nj ud ty * X*~ -W** ' N*.Ifl4Na*N. *14W UJ UI

L) Z f'j N LLJ NU * X) aNz-X a-*U.NN~.uVX L N * I- <
.a U

0  0 Q- 'w- INO *' v*+*a* - xwx)~Cu.Ca*w 4a)X LL L
Z C.W uj 1. * *7.*7 * U * \ *0 Wx MuJ * x * N * M4UJ *

, (I. z it LJ. ty.1 w V - -W *-C4 WW A- * 4 N
LL% f>. L; < 0 0.* 0.a~Qx-U4.-- WI* K-*UQ.-2 -** -

- f, 0 -- - X X M..I0. *aaa* 0t*).~.*)0xv
u-,LI n uX NI xa *4 1 fl N LL041jNUC1Ul C
* *J - 0 "w'- ME qx ouOmk0o* I -- N+WW)* N -* V-Xaa0 2 wLt
if0 C LJ -a X 1 1 1 -, NI XN U *4 N U .. * * -- N
NzM I-Z M M I- Lr- c -- QXW _MM.NNl amQ0.

0
*4' -aM~N

I OLL UW u -U A-..J W * O 4 7 1 p b N ~
I P I -1 * .9 *"XU. NO * O. 0*a*< *u *a*+x-n-N0u*. a **

z WJ LWLLJ 4<LU 44a -04aa0 .. *Ulm I 4) -- . 4 J..NK qZ -C
404 A 0 *. .J* 0. ntd"'*'- ft- ~J - Lf*- LO

P- C. 0I .~ ZZL A

7-U111 0*19 O90*e1-- 0e*.999~ *..*..**Ca - 6*x *-

- V CC c c 0 c - 0
w C NNN NN

z
OKWC, O -0NM U, 0 PID& O.V M-U O'p -ncN M~

c 0 0~OcC ~000~ 000 cc) CO 00 CC C'



0
0

'C)

x- U)t0 0.NXJ- Q*CL 0---

O* -a.)N -.xa* ce*-Nw9 *
X..- * -0W -L*Qfl vv a

*0M r))(. C-LU m c
... =)M -- V' -u*. W

f- a~ - CJfl.4 I- -

1 1- * + acrCj* - a. X * * I 1%
N NrMM N*XNa L 4 . N' w) - aC
N *0 'J4I 1 ~~ v ;l V vI

N WaQ X-UCN 0.L.N" IN % .
*.-wl*4 *XM.Q- Ix 00

it -XM *Q.Nc=N - UJ~ a.w L447X
-0.* U- * CL4(J' * *CAM +* 12.z

Wj I *N a * *N < '- -. M) M
U- . -M~j va t U4 -~ I p
*4 7 x I< a* * INr -*
CA ruu w Cx - N V j)N* K
M5c* 'W +LQ V* :NN uj coS
4)C0 *N* * r, -r-X *4 <
Crw- I~n 94 -- I x* u0: X*-

M* f14 04aE0.N < 4 -N LU
Nia M < M r, CUj+*u -NJ a'z

-a y-Y. q X C. * IC. m LL -. I
*CXN * * *I* WL.NM - a- x. , lI. 1L "L

* -N 4. W * * a "..N -Ui Q.. LU. -
aoi. u,* - N'sL- n ~ XI- M LV I
X<U X*WN I a.uJ0.*< M04 M7 <W(J V I
WiJ.x WUI2Q x * * -Qa <4 "0 m M zv4

I*- ,* W 4 U L* r * M -- --
-N .- * a 1\ *4C~~ *Z -NNj o.*.aw X

0.00 :L-*c =N.-alwj--I -M u**Ix rC
*I-x* 1.-0.C1..L 41r <I I-.* a -.L N1 *Uv P- ( N U0 U C) CL

Z w arj C*X- x a a< a aN XCa o~o - * a Il* = MQ - 11
- * * .4 w tv j -''N* * *C Q, * P)~ OLIDO 1~. - P- 9 1-1 A. p)

Z L 4x Q+**O N**-x *- -- Z4 -- N-- WC L.
0. 1 N '-- C\- - -UW -C- 00 00 ozz - 0 t.. 0

X CY Na 0. - P, -~uCrcI *cC-K i0g * *4J fl, W w J j .~ WV
:: : * a P- "- -** ,- u (V0 0- -. J %L2L..JJ- 0 j a
-N0IXNYXwuA N M 0 LV * Lj 0o t - 9.L1:.4- 1 0 ar 0

N~ .. )UW *Ui**Y -kCN *-rn xv I-1K 0 2. -UU*A fn~ O I.- II
UU ~vV~ <NuCCC 4c EL .C0. 70z

M' 3LF - *a zlr 4Cr M C : c- - .*LL W - . I- 4T N
oU*x0 0 x +~~K 4 6 *. -- N Q0-IZ-cv .0 Z * X

'CrQ~r4 0U ~ ~ am~ -WC--"-- *.-'.- - IL IT fU. w.
a M* 44+ t 4C*-*~l ON- * qZu~44< ao C)4 Z 7 4 UZ

< CL h In0 r - 0 -... J-JNO *.Z -J.4 IA L-C3 * 04* 0 N
* a Na...ua...0.D~mI - ~ ~ MM .jWu-z7 v 0 ~ so OL %ocow a.xx~r

0O~X- I N0G I* +*-I *a *MM~** W,)I'- I 100 11I11LCOLJLI-- 1. > 4X7-Z
.4 -*4L<-1 ' N f C--* 11 Md -r'Z -IN-*7 rC-N11117 1 0C" aC- K U .i11.~ 11 L;- -I "Iy I C

- % rI(\-II:amft-soo,..4V2--l.X & 0 --- 4 "rl LU @ , LI
11a01 UJU5WLLU.LC.(WLXX-X-XX U'L

Mc "-0. aV"w - 0 1111 crU'-0.rII-. LW-.W-M V 0

.4 0.

> 0 0 0-vc--
Nl N N a ' M

Cr -- -- - ------- ---- --- N C\r NNJ %NC N
C, 'c" 00 00 00 0oC~c~occ OCOo~-0oo0%o~Oo



145

4 4 e 4 1 Ld X ) i ~jN
* X NC N 1 r N O.X <4xu ~ 4 4 -

- m*a * t w4 l X +4 - 4 444 U U.< *-ucN

* X4 I- c-~ T *< 4x f I* ,c*

4 * 4-2.NE. G)) 44 *4(-L I *mj*_-'4NQ

7: * *1 N * ** x.4 * N 4ICL V <! <MN**L4 W.
X. ~ (4 LL X ui+a u+a a L

N IL N.~ I U. N x )C r ~ 4~ NXt,U 4 U.4*OM M 4X

LI CD 0 W (0 NWX*XL4-.* 4 I C4 + )U J L 4)
X- WfXCr O CQ-*~ (\4W*cJ I jC CD4.~* NU iUJ~4 a4

~ X X~ ccX a C'j4 4 aI w* m 44N..*..CJa L 4 N N 4
e- L 4*N L L e4N W lOi-N 4 1 LL aNN a * v+ z a a + 1 0'

W )X j *N vlW*A V a kj - * %dX X*N-x4 K'*O
* *.U. w*-* Xa**Ev * * a -* M444 N

X* Fl ' X* n L* N I* UOmX N a E44 OtT 4U* Q

N4t\. W*4N4 X*. *--NaX w a N4 au-**J,.
+ * N *U4+Zx\.4 *(\A*<*

~~N- ~ c NN U L- iN -<m*!-*1I4vm MiU. I I ~ t 
4 ~ J 4

.LLJN*7 1 WJ *2 N a * X x a 0 W m vu4 X**X44 *4w * -,12N. *-)z
*r~rN= * *C:N. L _NA X ~jW * * (V U * ** EW D C4* M n4 ** XN a n +

N Nx < M N x e (D *a j M4 .'* N <a N L
ON\ X a-a - (\ X L) r .9N I (n~UN~ I4 * L)Lt Va IY I 4

-a 
4

uj I c4uj*- 1 DI X- - - a krjLm I N*4r)w~u*_ I4 <*Xa
N *- -4 * _ M W*4- IN<% I(LIM* a*W MI - 0* a N l
m .Ji N *,C * a (LI 7N,* *xX an4*N - iN 1

W <i ar L ZX ) -U.I Aw V* * ) a L CUK y CIC&J * I* *.U'l* AI w V
a u L < a*+ L4< 114 aWUJ * 4 N\< N TX a W-W *a 4 N <4* U - L 4 v
CUP .- a+* - _a 4- I- * N -al CY* 4 lN ax~ m x w

-i-.*7a4* N *~c4 I a O4-9 *~4
C, a . ci I CiN ILNZION M***.xw~aye

-z ~ % .'*N+* -4(J4

r! P* N4~ -.Nan4* ri o* * Waax4*U*w _ 4NciZ4N044.* tax, x~rr\W N C N

OW f 1 4 Mcu-z 41 CNUL-M YN E4N*CYXXN VX<* *=:C~U ua CNX3.Lr7

04*4*40 * 1 2 1 0JL* * 4Ll* * .~44 4 * . * + 4 -k~ N LL N\ _' *. - D -0 0 4V W El

- , IL. u - - 4''1

.~..L ... . .

U. U.
Li W L U:

C

z
4

'D r o-Nol 4 tr. -,c
C- -NN C' % N elNNN

ai G CV N NN CN N 0' mN
C CCO c occo 0 o I

U.



ox a*.C~~r <cN M a* *..4~~ 41 <+ rCD*U
-' )( :. ' N r- 4p -f I V'~ X * rM

r- K+V N NaXQNC% N N * < M X 0 M )z

N I- - * * 4 l +* X Ncr~ x L4)x- zU'C
*2 -* 4 xe c xn ))<-y)~r rU LfxO* af~ < L *< x * *

0 a. *~~~*j *X~ ~ f N m ixr
N * x LL + * tr- A* +r 4 4 2 qN *.

X 0 * 4 x 4 *a *X 4N -C~ N * - - I y x

It N rj ('m x C Q~C X - YUlfu.0.X * * * I <'fr fn 7N I ~N CaC I M

x x~N*4 w 4 a no Gi U* N'q -M *a Jr* X** I * m L* t ~- - -
LL " U x~ y: -xr*)u*4X*x~x*w -* NE Ou 

4
N4 *N (,j4f - -7

. . IQ a X ** . U* * (14 -N m LL* N IT -Q.
4 

4 1. M* NM * + +U)XuL
O 'e -e Tmt- N: Y*4~r X- )* *** * mX4"n X<M (U a* -*

X .* * N n I .- *4 J*-Q JL YQ)NX* m a + Ci l * Cj I U

I -?N--'u 3C2 - N LL t L* 1 :- j- u0a * - * -: KX**KX

1- 41 L ,- f~ . ) l , I + K * x N ,f r-~ yC. 4 I 't r

4-<WC - -L . ~L' < (XW PnU X .) -a U U. N I T*cN * * N 1 *NCIM ) r
T. a 1 W jN Maw U N -4 - X < N *X N*X New <L. x~

N N~N 4 * <~ * a & NC% 4 CU4* a a n*C4*- WrT Wi r.)0 ( q
-NI xa X-

1
-c a IX~O~j4I ~ O WN)(4N%., 4m <M-4 -- a* *

x a~j"*-U I * JC- 4.* -f*U IC * X W* N W X4 ~ * *
U. XT <a44**kdl) *'~)* *COW**. W aa* *N M N' UX)N<4

4 4* fecT * v 1* *vv*nNL* + * *U +0 u0 C a( .(

2t 4 14 NX VX a, 11 4-'a* ) Iu k.: *o.L06 T kyC I) % -10 -
-. - *~-. * U- -a (IF I C - x 'd +fl) 0 V a 7 0 #N0 U. :- r) j

L * L N I' T x~ -(\ I * IL* U W I'l %a-IS W *x m ELM
z s a V x u X * rE4'a-V T* 4 N) A *~*. a4. 0CA LL+XNw *-

**.~Cte~.N x* yaj *r*N** U -cXWrn X* twa- aI*-u~-t

MUK~r -E~ ' X * )-a o *4*

*~~~~ UX 44~' Ime *44C. V~C~w a X.CJ*e r) N-. XI)
v Te N 0d * Von4 xt4*,N *0 x*c I) <N + *O *

w-~4 *! U~~ *Lt~\ 11- Xi44- - LLJ7 4I A NLLN4* * N ~ 4 U) N 0to.v

W NWa L LL X NIpWL < - N*- x ~ -~ CI N7 aV

-O X * - .-4*=-(\ 4 a.IIr2<a~u

I . *N .N M n # N. a N *.*** . * *.*** ** *~ * u
I no -<*w - - :)VNx) .

N MNrcn 1o< V7- I - I .< 4 *d OWp

f v C ,!: e of r -j .1 u f - * ' 1, N a N * -* X < --
46 41 < 411 0- ZX X U. 0V - U,'O a L

41 - 'YL * f, 0 r- L U, U' N ,- * n I + C
f-' o \: n N 9 L Z Lk 4-* -7 U r - W

oo -~'c ̂  C -I " l-< (j (



Ck

*N0C
w n -L< t

m' *NC.)D* M. -*m < m m TCUJ U+ .

orx o aa+N*_YwPj *-- +*- . 4 *l r
* -* I4C_'4 l*m u* +<)<< IN* u I a

Ll a ng a to- *a-~O4T NX x x .. 4 Ii
C' 1- ~tL~~ -1112 -L- C El co m H~ C

N l**m'a)(44 L) X*- I <- O N N -W
LP 4r - * 4 a P o m a M ~4 N NN U v. W* *

N =) I N a * aA (IxflIP'-*I m~ N X cp * x +
N ~L4~O *4W~~' ** * N +i + 0 UP

w - l n*0 Op*q * I N* 4 N W** - *

~~LL *W.X N WU)* *U * QO1 * CU -U 0 ll N

o ~..*~4N'.'tNN X11UNM-cX0 *mma -~u

C.~U~40.4In qX\J* * * .4* U L)% - - W
-~4*.*I

4
*MtU-**f0 <NN- 0 *- T-

*44-'eJx N4X-oI N+-- alION - U_ P'_ X-
I r--"-ox* Q*W=LXN-N*Q 4 I <0< *V z
t\4 4 0 * 'O *4**UlI_.Xm+ N t 0 . U -* +

aX=NN*..*v xma*m XI I<* 1* QCL U
4,_.qa XNffN* 1fl-*ru4XxM IN N* - C1 4 p-O*
nr ux*X**4N mmIXUml7*(XW yXxw CIL * c~

U) .o)* v N J~ X* .*4- * N -N Xm- v T -M 4% o: 2

~U?'*q44aV C"~ r1)4 *~Q 2* Li W. n -
+ w M J~JtW N *UN1.x Il 0 w Il 4 * ~ .In M Q. I W- . L

P- < 4 XWg -a X W Mu* '-win rn <ff N I- *tj * L
-* v r)* 1rw .q * I I -k CL.Z LLP -QJ ) - a. V~%.~ U LL
-+MI I Na % *'dN*X+inmxi* * *'4 EL. L 1 - 0 - Y x

Mm. WfNinWN<*4m -N(vm0 * U al C 4. Wi x

N* *< N O N*MX * mu* * .- UI (z ar me N *N i,-u m

*<-XVx4ux~uj *T-'
4 4

+WN* oJ.~ T- y I-

m**~ In# ~ ~ 0 Ir
.

--a I' L_ xm 0- - - -N- --

C, an<N **e- C< 4S .e* . .Q*S U + A Y9*L O LL 1 _W .r - - U
_u UU

> P1') tr C') Ir W, In

lp iC U'InAu U')l U ) IC.O ' 'r~ -t W% 0CD NP
crC ~ l(. No\ N N . CVN mm~ NN Nr.N C(NN%

0l 0c C5C0c coo 0
0' 00 00f c0 000000000



ILt3

U.1

0

0

N

0L

x C

I-.I

.Ur-

a. 
N

4 U. at c

Q.- -UU- +
Wj < - < .

IL X U M a9

w w * - I 90*LL
I- a - . x z

0 1, it o to<N z* u
u 0- 70o* L- NO-CL-. U a * .... 00c% O . NNIC . - "N ... * C u

LL U 4 Z -L J j C- ON* - f o .--*~.,j. rz y s- ; * ZZ* IN
r fN I- - - wu*- VC Yn wX VY L -

0 - CL D''i~a~ L' . ~ * j 0 ~ .~ . ... 1
> J U0 C, 0.x L 4 .x a a

-U 0 **~ ccc



14

0

U-

4-

C\qJ c

Lo0X

-'0 jr-7u;, u N0
uv 0 *r-L

O U'-a
4 11 U

0 -c ,c n ) e m oo

IL U, * 4 l

L12 ~ ~ U C. (2 0 c 0 U L

u~~ ~ ~ 6 U 0(

W 4 -. V IC'.'

C- C o C4 17- -Q
S. Cl - 1 1 I '1 U 0*q It

< P 1 iO L U * - N-W.- 4 l -NP- , ,

'-> - 2L LL -) U.lt .- V Im.LVO U

0 L))* U-

10 0 c~- cr cUc 0oi -- -- -NN N N
OCCCOO *uU-O00 aoco CCI U a

CCO CCC cc cLI n~ *UgIOC+ O..I
LL. ' O. ~ - .



150o
C0

U)

II C
D

a 0 L
0 _

I*L

C
-- LL LL - -

CI 40( -IU - 0.
<0 O a -. * D
In Mc 0 -

- 0- X *LL

DlU U 0 u M~

O , voLL a LA. I I no-f
* u -r JO - . QI-

-n 0 LL; C --

7@LL CLA. I I f')E. I.f )

* L.Z a j_ n - L.V e.) )epW)I NE.
-O **cp0rWI-C cy:,vaW c

J'L-LLO.- Z) U:U V)+ (Pi_

-J

r C C O C000 0 0 coca

U



uj

.N

0

Lii

L, 0 L

<. 0 L -

Q I-

Q .)- Li N

0- 0 c (n 0 4

I -L .-U - I -~
Q .of 0 ) C - "C.

- - * L

* . I * .-\ -x
(A I- d -C y 4cC (X ' 0

LL-I h rz - 1
w 0 V I -M

F 10a U. X fr -*I

LLJ C I . w

*I-..J c *Vg-LL
Z.J4C 4

<f =a C-J 1. 11 4u *JC,0...v
< a I I - .-( W1 f4 LLX

U'. ICC*'O*r., I C

> N LI as- 0C-0. l.

-j

t4 %c f.- 0' C'

o OOOOOCCC CC C-NOCY00
c- oc'.c~cno OCoo00000 C000



0
dc

N

N

0

ND
Nu

LL 0

WWm

40-

Q C E. - Q
-X < LL 0k
ND U U a *
I .L (1 - I-*

LI 02.0o 0L * X
of o W 1- - u* (

LA CO ) U ao **
*7 *V I I u
z puw c u * io

u uu- 0 0 %

U) NO.J4&L ~ z ~ c

0ocoo C - - -t*- -*g.t'.coc cocoo cc - o *



0

0.0

00

+ a-

a.- PI : 01.

U. 0 DE- l
* I .- \o U. Ux
Q LX L 0 z -- <
LA - -. 0

OW vo 0. 1

0. qO icU N 0 X *~

CEI- . P - C D 1 L
U 0C ) v I I -

C 0*0c r4~rpo w y
7 <~j- a, a *. 11 1U -1 1W

"J W3' pI OU L M 0 DD UC 4.-tL U)I -V)')

cocacooo no ao oo~ coc
c O-OCCO ccoooc *U'I DOC



APPENDIX D



s Lt

0

ol
0v

4c4

on 41 -

-LU W 4 - I
3 2 l 3r Z V

Z -!_ -c LVQOU Q

N A -J IX IIo " N .4
z I - asO .t-I(U U X

1 _ LX 0 0. LZ a V U W
w - 00 0; , U t- 4 4..>

000 -- 0 - ifZ

4~nx U 0* J
o~t w.4

>- U. U) IAr U
LMLLNC -M c -, O * _L(- -- C

CZU- n7U)- -U4ZMT% lI- Oi--0Ut "

-426 . % -- % - '~.*-4W~ .- L

Li 0. %v *c *** 0* c

CC-U. c4coo ~ -4 - - C-N N t(I

Zcc - 4 Lo'.)X0U.. 000co con
- Nco occoccooonW- ooc0o 0.ou.



w

-L'

Nr

V 4 d 6

--

r4 - - ID

>

aJ It-
C6 Li C- .

C C 0



LL)~

WW

4w

00 I

W 0 CU
CL LL Z-

0 010 i

01, -C. 1-t: - - C

V5 -d LU >-

m D 8=_ z - 0 0 a E

0 4- z1  
0 U 0 -E- uj C I-C I.

N C - 7 Nu Ln w -u.W: L n.- 0j-
N U -n >WO - -- - c 1- -0 uU..L

.>O 0 -N4 X 41-U..1 - 4 :)7 LL 0
4 p- .o-- Z %aC - > 0. Ui a ) q 4

SC--o- *00 0, W UA) r

c 0-tj0. +U
0 . 

tc ~ LL0 u U) C
3% * * 3 .4 0 -WY L) W I.- 0 (

4
I I.-

c c : i- Z 0> U, * to LL' z I-Z 3 ..-
Nia Ut aU tn >u.0P 0'i-E 3U tu 0l4 ( -0

L V- - U .>70 *N a . I M -D V i. P- ) ) Q Z LI)
p.- IK' - ct 0 tkL- x o*L ow. 0-~ .. J4 :3 >U 0. u:z

0O U < I.- 0CC :3 L u r- C) 0 <Z 0
(r < X -0)'>4 -C CO4D 4k-ZJ a C

L ) - - - Z .> *-, q 4. .- -U -7 C .0 z- -q
LL m I - U- .N. -- 0t4 - ..- vc a z. 0.

I- .~ - L .- )- Z -- 0 VO >W 7U-3lflu LL0.W-jC 4 LL L
a Z a - -J U > 0U)>. > 91-U MZ 3 w otZD U. ,.- -

o u . to . ') 0-0- Lf -- ( 0. *0.-W4 .- g. 0' 01L
a LL -- -- - M -* 0 X7+ 0.L.I Ca .i.1fl- w >- 0- < dil

< CC -i CN 0 0 0. P~. Z ) %0 L.--U w 70 UZ 4L _IaJv L
>.- ~-Z .J . Z- -0 : U >d IJ '3" b-L 0 - z v

z . -. 0-~ LL 0-a: N .OOZOU U40 M1-D4 Li U) a
L& NU L :C-- >- L.rZ 0 *M .7 a 0

4
cqkx M - WO 0- V - Z <.

Lu U V --. U - _)L u - *.U * b - 0-p-£ M Z LL - z
0-Z _ .1 cc -- W. >0a-. 0 0--<Z)) < p..~ rL 0. < 7L c 0

> . -< o* a. t t- n -- r - C' NX L-)~ L...1. ELi VZ- W . LL) a-*

* * Nv fl LUZ-X A-7.~- 00.j I. 1-OUUX 4 UW ) -jb-cuI-- -q U
LL tj p.ON . U. U. X ++cI-U)Ua anl .UWa ) >~ L 4. ON -0 U

I . O * - *- 1- Z- Ui - 6 D Q Z.1 L.24JL... 1-- 0' JZ D ZL)
co7.. .-.-.-. -C x jZO. 'JfC.X0 M M DO< 4 D m -- < 0- 7 9
- z 4 - -X I.cE> ai Jme. .-N0 LjZ..JOJ uOW Wm < 0 -- -

c! . J U-0:JZL r --- ffU -j ZU< - L-WZ p. M*- I-1 <aw U4 0. Xc mUP- 4 -.C
<%" 11<j- * :3I- w.>0 Ifl LuW-Z4 L -e7J L ) < 01 U1.

u7 .44 c * *'e-) 9*o a ~..0*--% W .... 0 NLw,.jJaW ZI-U -0 Z-U a 0- MQ-110 w
Z I ('SU4 ou1-O L-'.I OMIJ- 0W ' OUIO I- 010 4 --U ..JL LUJ X*:)~~ 4

LijL~~~~...JJ 
0

p- * 1- L-L.1-se >Ws ~ .. Q U .~ -- < Z Ui. U-N _1 I0.-
N %JC 0.111* *0IUC- C*Q..OI - 1- 00-.Z - L0 (NJ D :W '3 vw '3<

U4M -21 -  7 V U C U UZ r1- ' IM 0 A. U) L4 w L; 4- 0LL 0 A1 A * 0 >Lf 9P

-0.L~zOU..1- UCU, cW
1 - \ U,~u 7-l Z 0- V- -, o7~ .. * (

-I--~~I DULL-~I CI5-1D ... t.. W -~- - >~--4 1J.
I-- J-. '-".N--pJ~ D-~paQ-.~01- *9'1 - i.0ND 0 UW >~4 -.

D~qE bUU7LL UZU~~vU ... S~0..-00. 0. L Lh..U 1- U7L *I

IAX 1 p.J~ - ~ * 0CL. 4~~I~i

r- 9 0 00 0 0 0 .* 00 0.0 0 00c
-J



ww
UI i ,
co.%

01 t&N N .

-j-

in~ -

U. 0 00 00o0 w

W 1,- *0 . 0 **
.1 i-W D 0 0 0 *

iiM 4 J s-:D 1 1 00%00
SI~ U3: , 0 0 0 - '3 L

Li ..J! Xb- totor)

- <I is 41L) -N 1 _ _ J _

4 Z UN V). 1. 0 0 0 0 0U 0
0- Ub- -- m

1, 0- 00 0 00<
9- a f0 Il 0 *L 0.

0- f L V k -I~ 0%U. 0o Uo. _< 0 k 3 X
CA U 00 <:*. *J * ow 0< 9 T _J>9- -fnI - 1" n ni

x iz- >U I. -c\I-UlewI
-0. < 7 '1-IU N4 4c f ~. @to U)UC N cc 0 0

J 0. .1 0- -U 0 0 1 10.0 _ - I_- - I_- - -M
Z 4 b-. ad.4 U 0+ 1J .C3.o L J0 i aJ .J .J .J jW
. 0:.q .. 1- 7) W w Li LI. IL

XZN- 0f - 0- 1 <. . - -
>MO- CL 0t a- 1-" c- _01 I. - I

07-. U.0 I 0-1-0 7 W 04.- .0--i 0.- .
- ~ j< Z- t~ 0.0 -aU 71- 0.n( - *Y 4. a- 11 Cr N~ p 0 W. U ..) U1 0

QZv -z 0 tr.-I -4*c *-L 11 mT2f_ .OU ' o ON 0.U0c PON 0 ec- *Is

I'" OoUI 00. *I0.& .0.W. d -a.J .J - a ..JW*

CLOU ~ ~ *- fl IEtLf N. . -l w- le o 00 Po1v U V 4) w a Zt-, L

_l'4- _4j:).-a 1 _0 Z30 V-"Lt'4 -J 7__-__aI_-_ -_ - -_ _-*I

> 07-0Z -=Cl c -Ca-- cZ... 0 C - -
L* '0. M~. inN F) M. r.* 0-I N ) 

N'W 'U) L W I O
_J L -- U3 . J..0 .r - -).~'40 19- W.j3.,~ -3 0 0 ' f.O

wofl. ICZ-I..0. 4l. 1-i-0. 1 t.7 r * U 0U C CoL O O*

0. ro 0 COOA

C' no 0 00 .0 oooocoooocOcco C---



U.,5

z T

> e

0.- 0

Z~ >*

> z.

N 10 LU

0'J 0 U-
Z >.L

> U.

Lu a U- Z 4-

II.- K x>-
0 UI 0

c if L)

LL 0~- U-~4A-
0L U C LrZ -0 0 IK
Z N-- \- Z 7.L>P

N f -ZZLN 0 1 0 J - I.- M O*n# W

>--x OI-U Qj Q> Lu-- -C
o n U D-UIo - M M - XI Ju i> 0 a wIM

O w o 0Z QZ 119. -r xu 0 aa7 J>IC
- )- L'4u z -- x NjL o 0< u

Ogr *> '-J ~ n t. 1 oz - I.. M 9im > <<7
- >- 0 X - N~. - jjo - * f
Z. if OZax.Z*%..z~ >-t.LL N0 Or 00Uzl wl- v)en- .- jN N(N

0. i- *W1 oil *X)N 1111W .- J N m mm m w

C NzU Z- Z\- Z 7~ 1 1
N -- :D0U \ eOC- > L 1-olI

U.1 0 1<O wLU9O ~
*I0n* -* -- *Q .J.. . L

00~~ OL)Ococ cco ocE *... u0 - ---- --
00 occcoc'coZo 0o.Zz;wl. otLL~ 0 inoccNcoeVNN**..J.Jcoc

* II>9~~) X III 111W *-- i-Z *. *.m-J:) *LuJm-Ii-u0



CL

0>

z->

04 4 *L Zj L u

0L -9<1 * 0 t

0+ ,(o Wf x( -
Z 4a > >f z w -D

u* +N) u) I44I k

4LJ uj < II - -

0> 3 .fl- 0, - N
+z - -1 0 .~ *' , U. - -

4 '.! I - 9JUJ- 0-
7* 4C -C Z IWI W 4 j N N0.

z ('> > ~ 4 > .- aIz :
> + Z~0 LU LLip
+2 -, MZ 11 #1 isI Jd

<w E < - 0.~- 6j i u- - j W W
7+. W X Z *X X a * ) 17 X Nr4 l

c ~ 4 Z -t W L J lUL
.02 ~ ~ , > I. .J - I-U w

*1J -1 0J *r I ) I. * dc 2-2

LL < , ~ Wi M *W A.Q 7'N C\JNN X k -(, ,w Nk N o 0- - ) CJV r
l+ZN ~ w v I >i.* * ) - > 4 MUMM
>Z-- Z I4... P>* I I \ .I U. I LJ "

C'JUJ Ztw -U-'- 1 0 VhJ %o.. o 1-CI0.o 0. w ~ ~ I lul W. a. W z W

4>-a.-- -. C -J - 00 so.W U U U L
>O 5*ui-U)O oLUX cw~ I-- coo 0Z00lL u \l 'I

*.- h&.>> >>>L >1. 410 0 )W a .~ - - -O
I- >* > 0 W -4 * . * >>r II? X LU -) ~- - -X Jj. 4..1 U- W U 9u x -

-. * 4 ** &O - . t 0 - 11 )r 11 - LL0 ) c -LflZ .. <.1N0'0 r - k 2 .- < < <
u. -- C,7< L~ XA n v0.~L-ru - In1JN I~( r7 ~ ~ T~' MT U7 :r!'~L ' C\ LIZZlWZO ~ t) * *C) >. ..fl

9
1f4)... m-- -u a~n9i < - < -

_j _j - - - - > 6- *iw 0 * 'c' 1 = - wL COL Q U UOW 1 W 7- k., ItO t )I LU I* jj
,r n.) a. r, it' > it > E-)J 00 z 11Z I 11

- U)<i) 0.4>W<... VV- U- *-: 272 . - -

Z LL.. U> *> LL U 1-' 0 J , - \ M >4 j L!- 0 aO- Lk-' 000 0006 CJ I- a 01 - w - w

> > >~ >i' >0U~ > C >- A *L C j% * -

'~~~.*4*4~~~i 44+ rf I-.1 1 f11L0 FLI - '4 - . *

t1j1t,\ I l, I-, ZL rnn *44 40 4. e 0 WOI 9LJV)%JV.' LJLrJ 0ZLV 0- 4 .C P

rr cc r cc,1 cI40LC C011 0 4CLU404L
L C 4 4 b I ~ L LU0.LU000LJ-00U0L9N~.~-..L1IIW..



0

6.

w

4 : C

C, +

U.,

<, z

*LLL Z



00

wL

4L

- ~~0 0-

7-- 0 I

Lo >

*,C > f 0 f
Z i.Z . 1- z

>Li- U L 00C
z0 0-~ - LU7< .

>000 = . (X I,- l

>- Z u U. a.7

0~~ 0 * U 0
- I, .w---------- - - X

>o z 11, -Z x Z - -* *K~

:X ;1 -M 
D 0

U Z7 -0 JU

w ~ ~ 7- o - - -- - - - Li---i

u >00U tr 41 0 L u 4t - 4 1- -.- 7 4

>UJ N. -J >4/zv)j - x < .:D N < -
-2 . I L l E A ' - M. EL. I ILLJ 1 X

z C' n-Z .LL 0 < *U 0. 1-U)

i ~ 0.1 -- Lr. noc z- -zu 0-Y LW C Z 0 7: 7O1 a
L)) 1 LU a - - -~ N.. X U. X0 -- %00 UX-kD > .Z> z zr

a CZ-O-N-uT U - Z 0- -.E~ o-- -U -- - -- *- - - --- ~~
*r rr Z O 0 7 -3 - .U NJ LLe-tU~ OtnIL.0.0.0.O.

> (V .. 2 -j 0y0CJ-* -)3v z > c - - - -4) - -WLWU ULW LW -

0Z Uj C ZI j UILV)U trN ) N lo In- -C I- C - I-. I. I-- I-- -
a P -.. 0 GL LJ. if - - -r .Jo n 0,o..0.* 0. I M ) ,~ ) Z

0 - U. U.-- C) *%4 0 JC C CCL)0U D) <t
* N2 .- -- '- ~ N i - X 0 -~ -> - - - - - - - -- - - - - - -

4±U LL; W-Z0 C Z z) 0 4 -A 4 I. . "-4 - . ---- ---- - -

a j I t u r r4 1- a 6 1 - - l'- 7 1.-47 1 7~. .- ii -~ P- I. or- I-
C : 3 *fl ' Z ,, 43' :F r - l- -0r " r o'9-U ~--U .D - ----;..---:

**~ ~~~~~ cr~- - Ia: C. U a>~ 0 L'J 7lNX U~ O0 N'4 0

> i 0 0 ~J 0%0 4 0

* Z-47....J U Q1411 0I)-.0jW . 04) fc *z

-.K- N *0.-.0-'l c .- 7 NI * n 4p I %C FZ- CC 0,O C0 CC~0 0 r

, C' C C o, CZ~~'Z~ CI
4

UINWNWNLCV'4\i.04 00, r4 L(t2L In r,1L M 4.LLL LULd.L-a4L 4t

c. CCccc CCI C 0 00 0-
Ilk ~. 0 -C)0 -



J42j
C

00

- 0

>W N (
o9>0 -~ -

Z7.00- OD A 0-u

0---< JQ x a 0
- 0 * o m V~ U) tf - U)

- - - 4o (0.J > cc

C *J - t- - (A-
C' 00g.>- v D N 7a JjcoL

L0...lL U'i0 M 0 -
L , 0 r, - . 0.bLj In 0
> ' >o-.N x< (X X- -

LI) .. x Ul (I M inW

U *0 - -<
W. 0-* . -Z m1 0. - '
I- >0 -0w- 7 0Q-, 1,- W W D~0 u -

>000>-Q -n 4J 7 Lii Z (I OiUZ

:L Lr a -I~ \ -> LZ 0i
0 L7. Xt,-- tp 0 0 0-U~t ItX-

--- a. -IL LL Z' V IL a - -0 O)L.~ 7 x
o,-O- Ll0m >U. -. 0. a, of* It Vj) - .
'L0 1-N. -0 = LX L; b- - tn ) -
C-Z-Z -CJ . o f- Lii L > (. IL U.

.- > - 1<4 0-. z (1 ~ . b- * a'OLJL
.0;. .-oa O)- 4 0 (1 0* 0~

a ~ ~ .- Oix. 0.~ n * m m I * I..- V)*~ aff - L
* N LL -U X gio(j% W .Q L U. -OZ0 - D Xx L

X -0--4 wL 'U-P \ a W .i w _j._j-.00- P- LLoL*A
w. > U, W- -. ) <Oa'. <i %0 'D I-~O)- I- cr .* f~ .J-.,LL aL<4W U.L. W z U LJ %fil0 %)--, LiI N

IA) .1 I ~ L *- .- xd T-* j ~ U WXJ ~ '*

0.- - *- -c' q CU *Ia0mI *a - j- ZX~l. 0.~ LI -No.. 4

< Z-~sZ MwcwI-.jr-- D U 0 wo-ao LLJ" '
> 'IC2 - L *r- ~ \D Ll .in U-.0 0 ~ 0 ~ -

U- -~ -q 4& *o- ?'-. - L. ~ 012(f)4-0-C0 U.O -0 L) w X ij
Z -Jw N-~, x a)o 0I J. 11- a.) mI <11*1 * * COUM ~ ~

-1 7-iZUN-'Z4w -C W r- <
a-40-knoN.0 LLUU-. .7 07 0CCC.oCb-__

0~~ - 0, %0.& It Cf - f z' 1
.(0 c, 'ag C @ C '. N_ 0'

1010.01 - C- 1 C , C -0

z TL CZ04 aU)-U - T *-ZL 0-0U

U, 0N o C. - U. -tOr NN4t

I. -- Clc Cc 000 - - - - - - - - -N.NN N('j'N~ \ NN mrrr. I f- 44 4A
a concoccoC C, OC OC0e'00 CCC'C0 'cC0''CC00' 0
C ccoccoOc'cc C c' co OC'cccoc o0O0oCOOC'OOCC00



Liid

c.J .

0
- LI

l'-

oo L
zz

00

z ~~I--. 0 0

a 1. u

0+

ii - l' tu V)

W V) u U.-cA
A . -J L) LI 0 Ln I ~~ L.)U)tCJ 4k0 m cx 0 1. L*.t
0- I - L - N1.4 LJv CZ _j .LJ 01- -lLX*l zj r. L - z. X LL9- )u

(n 'I* 4 =.- Z I
-r 0i z z t dN 0 II-U

_j U Ui LL' ~ *
LiI-P- -a ) aIi jw- x~ >- a 4- D L OI-k6

V - L-0 I.- _jJ!- . 0 > I)c - Cl'.L % 7

C.- u. _j V 0 -,- c LI +U 21- .I' - *e<
>a C. -. L4 u- LI > CIr, x - <1 - <- I r LL..

U. +' ZII ew 0+ o- of x w 1 E j )
ci 0 w.j - oV U. Lii.n l4j -- J 'I.

Z -1 < < U VI W- *)X c- U a.J LJ 'L Lj
- Ii. z -. 0 LI -) 0 Z - Z* - c- X.4CJ r r 0* i4 w icDU *- LN, cr .. 0- 0O N 0 .- N ~ .- L, < - - - VN \ L L C* S.S - N a)- -J -11 -- o of- - 0L ' In -O .LW4 M *W4-c j L

T I-S.- 0A V4 4: $I* U U L .ifl 41 0c. -74* 0<
LL )4c '1 0 w 04 04 H - -\) heZX \ . - CZJLO *4-J)

-~~i D, DLI -z t-i - - .,) . c -1 :) 4U Li. .LL

* - ~~'J ~ C * C -CN * -0 .- . .CIO 0- - -fijU* c

Z. ~ B ,.. Zt .44--D U 0i a~ C- L--'4 4 j 11 -- z -r a -

r- c' fr r-% c C4L
>'.. c) N 0 c CIOAcXrN C

LLI

a- ~ V 00000



Li

0.0

NU4

oc

(x >>Ln L X4

Li -

U *x -M(

oj M M .w.4 -
4.- a i LL LLZ w

4 -J LjL -J CL X

VIL. -C r) LL I) LI .

U- Z <LI m £ )jN
UL Ir 0 N 49-C (Xm-* x M- -

0z -~ -' 0 CI -t I
V) -j o j- t: ) L - U

< L) 13 Q a ** *n SXLJJM

Lz4 aw . - >- >c - 4- - <
-0 - 4.J 4% - 0 - LuLCCC -. LL

M- I4 0 - 0 Lic ~ * - a -aX l
91). Ze mm 0 (ICZ0k- M 0 - a-- 0* ZA. )

U) -J *.4 IJ a C) -0 . *>% L, Li'). U.-u L
aqjw-luDD -- O - nU.. X ~ acL.Jo ,o I dp- N x>-

W I4 - =C 11f <W1 -W 1 - - 11 0 CI N vl1 1 1 *jg.Z Mkj 13Co U') ZX WWI

W2 -P - 0- > P-- . C--- 0*-- - w 0f
<'- -<L4 -- C,9.4 0 0, . . v b..O*LU ~-C < ~ U

u~t -- u :-aZ- 4 *.,X -C-Ml #1a~-a 117..sc
(N *<-tN O.1.- 4--.- *.. . 0. *4. . L-rU -

L* F - Z.C .L- JrU M-0 0 -- 0 r-,e at ocaLwZ-i 
4 

-X
0  

L-C-W~~t-No~,.: -Cl-,J~ 1 . I*~~ .lI 4 i lCI .~I ~ 3 ~ I
-j U.,.C' .. .91-il -- '. * 'uI - 9 .. > -0-9-0*Z -j -~

-j uj)

L. -- N 0%' C) -ItCY 0 in C .q

LI a O C O C O----------mY mCN NN w m r mm fl s104 qe
CO, - - -- - - - - -- - - - -

SCCC' e000 0ooo00CCoC,0cb0COOC.00oo0 cooccooc'0 C 0000 OCOC



Lii

'C

0.

N

Lii

: -- C

Cr U

Li

U,

-J
ii.

0D
tL



0

0

LLon

Iz-7

-- 00 - 0 N

0_ 0 -. . : L. If

o1 In -00 z m
N >w Lin .r_ -N

D Z7* w Z- >
o 0;It- vit~
0 -. 00- ON + -
u' 0--.o .j- X i- M

o -o--t U.- I- - -

-i 0O > 0-_ 0 U1 LL

a EX. ZU=1f 1,_U 1- 0 - N
N - , , jU.. 41 4 ) Z 0: i 1

Z coO. LL U 4 - N
-C 0-- Z- U j V

0 z 0- 0-W- .i. z .- 9

II0 oe> 4- -0 4z + -iLJ
-n ._W oM L .. N 1 0 0j

- - O X99 -o 11 LjUU-

w- 73 WZ). > r_ U L) C >0 4 7U
& - vOQ) a * LZ *c xJ A *Q< s.-n

0-- rz a ft m (t) If iL Z N D a x -.
k> l I-u:a-k t ?~ ;Z4 0 N_ aL - P_ I-( "

o O.W 44D cf 00 0 in-. * .C n- -

0 -NW-I,3 W- 00 oca) I- * .Z >-- U
LL 0 -in - Lia U-N ZLLj ) 0 *a a" - -*oo
= mZ Z 4 IOI7- *--N -- -C &t I.- J Z i- 0 -0--

0- C *ZQ -94 0 >NjmI(D- M aCY u *0 * 01 t ~z_ * Z_ 0 I
Z_ * >o 94y.u' _-oj ut( L) * - V -W W al J ~ Wa-L - 0N N- v
(A, 4EC - nI.- . I-. < -xN z u 2v- -- V ZW .~ Jo - q 'o * N

1 -, 5- 0 . b--~ lo C 1- 0 1,- V N_ 0o - CN -. o x

ocI I 0I oilj OO*zf .*- Z 9 -0 0- C1 N N
L o 11o 1-1 Ng -1 -0 4 - - - - *

-inZ~-wo -<a- xN -W vu- W * U _IiWcUz O
£0tcf~-m-'r -c fo-N J NZ-- *Lt-- LL -1 -i. LU N L

N -U> -W - 1 O LU X- vwlU MU C :)Cau WLC < 4 9E ..10U L L3 LY 01, MULL M UIt
i- N .- r Z o I4 cr' i w ~ JNQa .j u

I~j> *tCD* mL 0 P p.I.j . M-- *
LL~ U 0W -.- sL~ 0a 1- W -0t- . X4 U

UC C, (C U 0 -u.a .jw N
> X N.,- MNf-U NO1f- C74 0 0L ~ .. 'N- J. -

I- 0 c *1 I- 0 
0 N Ciu00* . w0fU * ~.

C ~ ~ -ZE. cocco.J 0U 7-s o---z 00 oc*coo cc O--)J-o- -- 91000C
0 .*~ > J.- *n'~Ic o~ 00 00-0009- W- - I 00 0In4C\J)UN('J
U. ~ z ~ 7 - ~ OJ.0 L Cli4 0) W~U~U0 - .I.



Nj
0
0c
CL

N >

0 4

0 w

a Zc *

N U. W

N4 U". :1

N U(x* LL I:
.. N 14

x NC N >UJ-r L

LL It-

IN-oX9 1 4 a * - I.z

I- NWm - -- M-m wI
o, x I 9Xf L1-0 z
O10 VI Nm wN . -- "z

NW z W W'- CC t

LLN IX W- ow .

>9 *-" OaZ U. U 4
o< )c - )y"!r - X~

I .7> M" x o 0 6 a -U -0 - Z .- * 07 00 0

0 o Z' N- Q- 4w,'JD -' P4-c - -'I . c *.
0 Z 1-0C 0 c- i , - fz 6 0 N - * > jo 1XP -Z 0 14W- j It9 4t % *

-<'3 W w- 0 s-- 0 40 Z - a - < -- l- --- 11 - U,-
M7--Z--Z 0- 9 a4 ~~~- *- ~ ~ p~~CaIW L". -I -1 4-4 * C.- A \ 9-~0

L, 0 10 0 N 11. q0 tr U,~l~ 0W pUrl) 0 4r. Im un c o* (

oi rcnr7>r- r ,4% c 0 c. z l'Z* P- I0.-0* NO .P-.~ -. ,DjflC(C0 0,2 o'q0
c oCCL o colo.-.0 Wc-U-W ZLLcce - W.010004 -- -*
19- 0. *- .N-.g 0cocrcoco cocZooc *oococc 00 00009..'1 *I 4 4

-. W - - - - 0 V' - 1- . -0.-.T4 h



IN,

14

0

N

LU 0
0. L) 0i 0

<U UJ .

.j 0 0 t
*-0 m N %.

0 0 ~
4 -~ -C ::C,0 x Li 0 S - aiI

*- in 0 0 v-

It 0 0 c N > *
- Ic 1 11 N X &+LUL)

to U1) + - -<U)- X <4 4

(\ 0 0 N U .nwm~O
0 <- <-4-0.4 4' O>M)N>NX WIN

<-i -. -ulj Vm a-i a- P:-- z W
j) 0 -N <"nI 0 0 _j- ZL.W ~ 4

- 00 U a.4 o I.I ->U WN4 ~N a -
- Y eV L -..u tl.o .~ In I. +0 4aD U. _U C U.- -

ic Z .. X or0z $'-~V 4)-f S w 0*~)01 Z *.4 ~ --

-- 0w- 1 om-~u * .4- _- (n - .- ,.-0 Ci JC) *-,0 Mm CYJ vI.Z x
IZW I4 o - *N~OD 11 01 m i 14 It ... 1 0 OU j *N oloo I 1

* ... N Ig NLO O -, 1.. * 06 IS eClO 1 0. *- o zg o w ._~~~i 101Z4, Ne ougc io-- , 00~Ig~~ 1WO *1 N-l--.-

in~*- vo.-l-0Z*'-no > (IVth C2 11 -~ 0 -- J

M a-0.-ol~o--oou>-Orr, njWUC >LL-- . -

L) %C a we 0- U -

U. rn M) r) r~) in M)p)*
4 L)

2 --- - --- ---- - ---- ---- --- -- - - - - - - - - -



0

0

L.JU

00 C

U.,

N

U)N X w
C N ->Z

N N oril-N

vN L- z x- L
L WN NO0jI -

LL I. 7. * w u4N I N0CNi j1 0 4K U -
--- Mil- Z

0 V 0 4 .+C 4 I .

- - iNLU N JO 4.J qo< l -- Q- oZf

LL X-.~ c; 04 1,-E 00 11

C - * o * U e 07. I- emWta f I

Z - IINZ- o.J J -~ 3 ~
q-v p *SNc >4 -o0 )(u

r" U ~ Vt- tP -. *L >CtC 'D .LiILL tiL
LL c. (a- LL L C J.0 * ZL Ct U - 00> t . C Z- L IL.IL LI0 LZ L) Z

s -- Nj'w- ,P woo ~

U: II

7. . I A L U U W I~ . 2 L O 0 ~ . .

WW4LT1-.cL %QQ!C - owe mm3~r
- - - - - - -- - - - -



UU
0 -

-00 ->
N-I Z - X a

w oUJo P- - *

U .>a (N x Z

> a *0 0 4f a U%

0-O...- 4 a IXZ

' -0 >-- M a-- -ftr

I0 C '-N
4  

*WO b.. -

el C > * > 0 *Qz w 'Lx0 1 -------i
m 1. 0~U XO * - _j 101-0-1 .

N Lx >W0 Pf V) V)- (A' )( )V j)V )i

-P Z -cuy>4 m Z-m am ==uc Z
W Z N. a> >> >>>>>

< Z-g~ O Z z ZZ ZZ U)

4j z . >CLO 0- -1- U^X f
0q U. .u a U. a u M- I. HVU f1 fit1 t1 11 1

:3 - -Z 040. O Mz* .-0 - %-

UUa L. _Z- 0uZ K -.- *W N C 0 II

0> .- n WU.> a -- H N -
A -U o-IN -0 M -W - D - .q aJZ

Lzvx - -O MW -- V . C: * ofi U 9.J t0z ic wy o a I-

I"'- 04OLO - Z a WUA -- ON 00:4O * ,.-a~ZZ 00Gaa-0 aaLa (1 0

.,:: 4xU WOUa - - -- >UJ jJ -11 a> a .~ai~CD I-z -0 0. >e aC to N Z> > >> > > a

4~j *O >,7 < -W *- W OL- - 0- N -- - - -zz~ - - - -- z - -

It 6UJ-t - - - --- -~ - Of-- -

N* 7=aw0 w wD *:tr ODU~h. aDU 0-V v0 -Qx u . 0~eI~I~ &t~~ggg .* 0 l)O 0 i

at . a 3 - *r-------a---y . *--- --- - -------- 1--0

U. 1 Zd 4Z-1------ -OV rI~i~ - -~ -4 0 -- -N- - - - -z-9-Z0-wao> )

'T-VO Me- - ta...~ <4 *a 0N.> U> I 4C 0<< a4 A4<< Z f> 0a- 0171
N ELV 9I-7>N.JiZ UU L* -U~t.LLI C'LJN LN 3.'4 LILL! ---- W - c s LA O M . *-4

0- -c V U - *aL XU.MXLIX9ia LLML3N. CXaa:t~a W.g aaf! y..39 C' a-

L 4r~--.- %C~*~*-~~* 1 aU .......
>- 0liC* 0*0aiL'~L

a 000000C 4 C'i- tC'00o?00 0 0b-020ccZo-xocc
C 7c72ZL4T cc4 0 -0.Eceoc 00 oo 44444 4OC0 -00,-gi 7
N U.L U Z. U4 ~ LUI0U LL W0U~LW Wi0.'. W .LJ 0W U~U..



C'.

uJ

ON

0

o

(1

w *~

-V u

o-O -C*

4 IJ

-0 4

1 UJ

K U.

O Z -1
0 *, IJ - a i

-oI x 1 - . mn-
- L' -. - j C -

-3 -o :i) 0

7 C:1 1N 1zW
n0 7 o 4 o v 7 C

z - f- -1 1 cr

Tol 0W y~op we .0

W.B~ V ODtiir C 4,l 0 N
* IIU.~.~J e o.- *-Cr

0-0000Z000-D * * .0-L00



o

0

0

w0

0 P,

-Ca>

M -- WZ

pi 0 0-

>* za 1

Z >~ I

or -4(

CL -Z Ilk * - Z 

)-t> - -jLin 2

.- O a, w -.1 CD:D

-4 o- W4 I- m

a ~ j * Z a a
PO -0>0 14 06- 0 u c

LJV4Z* = -, cz !!; z
La 0 tX W9 0d o 0 j o-~~- UAL 0dPZ. .j g 0 0 Z I

I.' --. Ja4m- U. Z - -w
P- *4 j U >jo- . > - Z Li

**. r'.*-fL 0>o74< U-Z. 0 C- - 0 71to %

LJ - 1-r > ..A U .. ) 0 Li OV ) 6. 4' LL %1 3
WL-i - -J'WO4 10 - .- Z*J -.. W-~ 0U 0 0- M V- - -
-1, V.00 .- C - 1, V.1. WO.(iz 0 * l~i-, 0. 0

ILW 'T' -Z.o. _j X LL j 7 7 - M
Ofnifw- wli .Oz ... -- aa )Zd l 14 -C V u- )- f

a. uJ 4 .. .. O -. Z4fU J 7 IL ~ .~.. L

I.I OV 010~I0fllI~L -.

0- Occ a e oc.- -

C 0

zL



C)

0l

wz

'3u

0

a C

a, u ,i =

C) z- . .

D:- n I=!:

CC - -
4 L trif L - c*

en ~ ~ r)4t r

tit-*LrZ W-U.)e
- II-r



00

wc
C, 0

M 0-

C)O

- -X 00

U >aC 0 . -
0 nI LL O 0, a

> Z) 0- i
> 0 - ^ * -M C 6

.--- U *>-. in
- 0.- ( .0

L. 0 - -0*-<-Z l
El. 02- - 0 't-Cc u

OS-Z - - 0
5

> 0

u U. U 0 -- ZO-ouL n)
.- -) F- Lo >W0.r.~ x

<;Nv. i:N- w jm -j NX.

a -- q U : >0Q> -> N>
* >.) L 0 - LI 0

w<%nr- 0..-0>0 irf -N ej N.
INN-u)t IN>- f -) 0 l' -I u 1(

__- cj (NJ .-. a I-t -j 1 0 0 -. xU.
U!wc-.-.- oz < _ .:)g t - LL

1, --- 0 X 0M ) > 4 U 0 0-> L
7 u.-.floZ U, %2 7' aZ- ITOi.ow 0 w W -C - -

uy.--P m >- --- , LL. a') 1 -0II . < oJx uC
LuU U _ < U>J *c *'pm Ncz> -- - - -- NQ

CZN72 Z UoZIfl>r.z-rr_ zI, 00 Nv L)%0 111 0 116 1 u tz Z 1r 1
oi jj jU 0jc _ s 0 UN I- *i0

N ~ 'I s, OC MJ 1%U 0 CN1 o t _,_U L W J 7
:, .w--<Zo-_ Z% U VUI. v NN1-.(11U 1.0- * LW -0 C _J A 1. W c1 1W

a-.J. WWCLL'l7.. -Z Vo _- c z - in inW 0 LL C- rn - -l1 iC

ff . ww t7 4->J.J *0'a jZ.% C -'L - - 4tC NN- N - 0fl . z - C>00 - - 0nP. - U
m r- z' l:1-571TL E7-7Z LL Cu I 00 7U <O II Ii N < !100 Ni II- -1ii Zrl_ UIctf)-ZI LL

Li NN -- i ,.-.-. P, 0 U. 1.0

w N N N *N N ...j > E 1Ip.

m 0* 0. N

0. cc o e 0 __ -- - - .- - NJ N 17 4 .
a. coco 0N N N Co Ncoccoc 000coccccco



C

0

C7

UL

< 4r
n dt

N 4; 4

0- 4 41

> .0

o) W z x
0--~ 0- -
Z ~ ~~~ *1_ )_ .

0~~ C3 M

IL -1 Z 4 *

9 (p CL 1, Y -- - l00 -2

4z 11 It ovIcIz z . )U ' 1v - Q0 i ,+zi ,i ,1 o0 1Z o-
* * f 4'Fl > I L 1i<0(.1 iT 1 C ' -a I -r f " .4 -

C ) *6 ) tr 'C) LC
>a N' ")* C?.-M*,

-- i

II* 40 P-MCC NI e) 30

f- ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ * c :k (k4ITTCV. LJoC % D ZC C1 ,I-P, ?- t - N

C'In ac aoc reL. acccc o ccc



'7.'

0C

0U

0

w

u z

-.- o z 1- *

p.- V - *) 7-

0- .1 * J

0 *z z *

N it- V)*,-

0-J 5* IIL C- .<K I S -Lrv

-- -- -) -- -
CA 1/ t. ("'j Lf Da

y _j2 -'I-- j-,UL2 L ,nL
C o-- 07U) L -~j

1: 7- 1' y0 C Z -0'J L -'L l

-JJ 11 J.J 11J7 Z 0 .

-U L LL > C- 9O CI 14L 1L tC tUUL
___03* L-Z -7YU JO * v

Lf)~~< c ,c

N4 I. N N C44 N ( W

-- - - - -- - - - - -- - - - - - - --------- L7 - U~
C *, r- C1LI c C- C..i 0 C C)W n C, C 4*4t1!



C In

0x

'3 >

-c nV

Li -')O

n *Ua z

L;~ Cc<.
CL~~~ 4 t1

0 ~ ~~~ *l = _
0~ ~ * k

cli-~ P4 ,

.7~ 4u --> > 0

S 4_ C,
44 - 0

07 - + CD 4 C 4 LC -
Oc r -* . -' 4 0-o a

L<CMT 4 r It T~~'L*J -e NC>
* 4 * NI 3r 41

1. laAL L:C > > A kS LL a 7

-. c In 4

L; u

- m Oi NPC o cp Oo

: r C 
Li.. si~ 0t m x- -- - - -.. - - - - - - - - - - - - - - - -

cc Cc. 0oc c e**co cc C0c o



kU..

4z

Qm

U. w
z I

D

uj Z z U.

U. z U

< S. a z 0 L
0 LE J, -4

zz

z u' zz w L
Z Z L V

v- L 4 it (lw
IW w~ Z A U

or u.r 0

X W l- zcL
m a~d- UU wn 4

oc - t Z 0 x 3
M .VfZ ZZ 0

-A. . U W- .1j _Z - -w 0 XU 4(

10 (1U. 0 N 0pw
*0 Al-. * .j M + -z4

C0 * LU < =_ 0 0 n.4 -- 2 iYZ-
7 J.j IU r- 2LJ Ip 0. -P.y-D ( .I- -

- c 4) 0. 1. - Z- D- 4e t -- e < X
w V 0 P- W - u - AC ~. 11 11Z" - -At 11 if LI X-2

c n -L o a . 4- w5 a 0 ~ ~ ei I- ac -,*IM L
l. ZZ UY Z tj - D 7>W Z y - V - -)<-C ~

C9 a-.~b -_~r 0.. 0 .- 31 cL~ 11 _-1 v 4UtN
05*3 N. u 1. W C 't 11 *r it I. -*--I :c 0 1Ue -C 1 i yx - 3 -jV x_

r- LI) 2 3, 3- 0 7 V 7 -W 2. 7 Z 49 it)) Z 7 -1 f 7ZC

U *) u V - D ~ V~ U~ v~4+~'e4 L

11 Z~- Zf t.. Z11 C00- ZY CDCe~ 0- 4~ c --

c C, c c 0 C> a 05-C- - I - .-- I -- W - - -- -t~u 1 -~I 3 g

a C~ co 0 0 0000 4
U. - - -0



I -u -a-------------

00

N~ N-

1 0. z 1

0- U. 4cm

-- ~~f Z I-~ 3I

-. m~ 0 j7 z
* 411 U.Xz

Q 41L fwq CC r-- - - 0.1-4 - M
WUZ00 )eI.W M a f)

0N1 V, -n -C N ul
D-W O. Y =wX1- *z t3a I-* o U. Y Z Z
11) Z. p--4 O .J LL -^0 f.). .y- J * -

,7- - a- o -t- 6- 3- M(: . -t - a - 0m t D U
-c 0 Y. 4(X0 Y % v n<v y< V- g v

+. (1 . ; X - z.J
I). -I- 9 3 j ..J~ A Dzn9 Z

VVY.o 4 -i tip Nj 7i -fl i - ie i R .o - * 11vi ,.ki. i

01 fl- a. 0L. wc -p i *
I* ~ ~ ~ ~ ~ ~ ~ i r in ~*... W . - ~ .J

v vu v- u. u VuIW- L

* e 4 * 1b.z1- ~ -4

U" -I-. 1- 9 --
M 9ococ Z00coo 0 0000o co avo19 - 4 oc9 I o
C, .4.-ooo 0000000 00000 CO ocoZeo .94co Nuj tU * -

U. ~ ~ ~ *9 ~ s- 1Z X 
9

L '~Z Z I



uiS

I.-

P))

00

U;

3,3

4 Z) 19.I :

D U. 7 C -(
V) I 39 +3 -9 + l

1 4 -3 11i -S f--n
# ilL 0 i .. ac i w ifE - I . f I :C

L -V.i-

4? - c N# CUCL0
o* - i, tr

7 U . )7

4' Li 34 c- 3'

0 : cof '- cccac Li c* Jc



o lJ

w

(~JN zu':i 0 0Qo.( o ~ 4

z 0 z I-
4 Z w

df -LU 0- ' z I- z0-a5 U uL w D L
m .4 M j 0 1

P. a 0 V n E X LZ
-: I- Z u .0.4awL; <

Ec Lw a. 0 I W0 t >
z b- l' z -C M Z- 1 - U 0I

c Z w -,- -0M
LL LL, Z Z 4 U 0 U w u. Z C

D < WL M " - W z Z D.- _,, J_-

c Z - Ix l' a. a U, 0L C; CI (I!
N < 'f 4 0 0 W LC t. , W0 U L 4L L I.- l'0

z- - x - 4 Z 0D U ut 00. D X

-, w I X cc LU 1W M U U -o 4 1,- ji 0 -

LU 4 U, -M L U 0. V LL P .- Ut
< 0- z IIw II U. LL 0 0. 7 LU z1 z z-~4

L)4 Z w. -4 0 W . 1 > 0 ZUJ u

0. : .0 U- V) ZC 1-i 4% V) Ij -aL = L )-C -

a :- N - - .4j U. LU c n I -- ) J- (nVc -1. L-
-Lt " z CL - 4 0~ -j jU LU 4j <U Ci < 1.1

> U-~ NL(L 7L IL t:'- UL U.1. Z 0U*. > I U dLU L-- Li
< n: 0 M u - Lo Q< zI z x ~I LU 17

UM -U n , Z 0 P0. Zt, LU LU 0 Z .. .Zu
0W .4 v c0 4 A -0 I x U LL I- OZU

z-1 U -m 0 0 LU 0i LU LU L 1, 0 <. 3:Q Z I.. Z
C. U < - Ulm i- - I - - - - 0L O w -WU LUJ

U LL w -x U-c I 1-A 1-1 0 -LUW* - n LU
oC aF -- c( +~ WU .LL L) 2 1,-C4 U .

o .> -, U . t - Ln LULo t 0 Zo- o- 1, Lt. +ZJ .J 'flzo t TI
> -jL -1 l'- m. rl I - :) 1 m l Cf cy .4 W 7- VLU4* 0 U

<001 -5LL z ~ ez i, U- U <C 0 C<>o 7 c CDW L!
4J.IW Z iD <0 r (I (I r. (I* - n1c~l, CO W-0 1, :% 1
U-aa Z-0I- o O Z- 7 Z *i.TZ -L - g. ixo t-Ol O LU
--- -Lw QLZ~ 0 -j DZ - + . . +0-+l- - IJC -<Z- D .N -0 L)

:1 4 Z -U'.* 0- a' -CU..az .4.~unx~-. >--~ C. 4 U C* e 1-
0r t) 4 -X- Z U 14 1- )--0- LAWA5 W --1. U-- It A- N J j A d .j - .- 'i U P10 -. e

& O2. L U 7 uw1 w-n. (Put+W It it - t 11 11 Z.W 11 3 C<1 7Mc C I U 2.1 04 x a1 -

Z CV ) Z Z - -Z '- 1- 0- Z0I' ZZ7D - C 1- U Zt C LL U 4 L

I '.- LL)c Uo 04 Zl i-1- - - - - LUC N 4L N (\, N- C, N w.MF f)f.r
T c CCz-'Oc o Ce ..V .c0.ZX 0YX vXUX02~coo*>>cUI Li 49--0 etN o
(7CO'E OC *t0 C IOI C e 0 C 0 0 0 .S3CO...Jj00 -U IC -00 00. cc

L -L 4 C 'o .- bU 1-I ~ .4 0



w

0

Qp.-~~~~ --I -_~ V --)N a -- N!'

Do0)Q id0w oQ0O k0N-1-N m ow oa c (% 6 Vap(11 PDDo o0a0

A Sj

Z~~ x

oLU < eU.C
w. -ol >

LL X X..

4jww1. LLU m

w 0 V> :) . N

LL0 z U0 -
0'~V 14 4K cI .

a N U. _j x- N x % 0

0> >) I.-0 Z - O
0 Uf~L 0

MD4",f 0 *

w. 0 U>W in Z -

Cy XLV .4 X- LL- 0

CLLA I, uX . Q .. .N

U,0 mf) _j V) -X X < w
z 4,-. :3 *. -C (1)

IL z C-z dc M)Lu V

l' L Dv wv L 0 Z -- - - - z
Li -. (D W.z<- I -. U 0 Cl

rO ' Lu 0 - - -X V wL Lfl uwj
>i z) Ux X

x U.. In U1. m - 0..Z - c~ -0
U) 47 ExZ LL 4 LL 40 x j ) .) ... 1, N V)

Z LU *. r, 0 N CY f 0 -P*< .. -.
W 4. W ci 4 0- U) z..a..--3- L -

U) IM Lu-1 0 P"u 7 0 - --- Z- M V

w U. ( t I 0" 00 .' -4 - -*. - j 1,- s
x U. a - Ci 4 XS Of - U X U. I X LCLJ-'-(1

z ) r.C l XI - a- zL . I., Q1P.flz U t~c x X.Z* * Z- 7rW
40. w0 +n 7- Vi~ wc 0 .4 :,-x~ 4 - OI-U .- a~-. - Cl

- I-.. - aj . -V. L - U.r* *nQ fP. (I P- .L4x .L .W-l 1 -L )J 10
; W(I-< L It DO L - * U- UO.. 4-Z7. 'I-4 U 0O- - -4 -- -CWI- F 1"MIf L I

4- -Jv f0111-1 I.. Iw I- I.. IO- - _ )z 1 - 73-ZL7. Z - i - n0> Zu

LI C _4%U ~ j Cz -- 0. W..'* yl-~ -a.wr LI'.U-Lx-%rx-i.lAI- -Lu

L! -t 04 - -

pL "I --l --, q- 40 N 10 .1, I 00 er tin ) f Pin1)tC00 C C C% I- N ' 1, -N
M -ccc -l CC0c,00,000 C0C00 c0oco

LU .4-nn -o c c 'c alo olo oo n c c 0 f- n c



01

>

0.

N Lu~ f4 QO f) A~~0N' ~-~~ n ~P-W~0NI)~ndJN~Oo-A 1#U sr
JI

I&'-

I.I.

w x I .
b-

44

y) IA) r, i r

ui 0 Z MJ U Z%. r . P X L
411 M) V0 owI 4-

Iu*- CQ X,->
i- 44 - tL 0D2.U p )

<- In F) I-- *3 Zif L J

a, U. -r Z 4- 6N o nv 1-0 L

o r- W- l, oKx 0 In xL x0 dZq
U.I W ,- x 0U0 W 0 0ILi.1*L ) 1(

4 - L - . v OIL.j j 0. I, IZ - 1 r - , - 1I I
U - ) N 14-01Z fl N4 1- 4 .) w Jz (u 1- U - 111 L - WLLc

I- L U 14 a C 44- 2j I Zt U- * l :% J <~ t- C
-C 1, 11 4 1, I . C-I .).I-.1-0w -Nx- i IL c r i

7 Z. Z- Lr Z-i t 7Z ZI-m-0v 1- U -- 1-I f - I (

c- - - --au if ZZ -j - wty v 'C z Wz U.Ye xz -

CM t * - I Cu, 0... Z 1W< 4

_j -N N 0 ) 0 ) - M17,- 00 IN In *C N'd I (

aI -- In 0- 00 -- - -- -NN 00.N N r M

L46W O *L~-O



114

a L

V. V)

z

1,- u) N
4nI- r-

0' Z I-

6xi-. a ~L
/) z~ VIL 0:

0: - w >1 4

., LC4- Z0
w I- x I. P- I

S.. - m x.

'na

W 4 0- 1- 4-o I.;

N - CZ z gU. u.
-X ' U uo J

>-s. 4j <. -W
43 v~ 0~00 L63 u UI qz L

aZa- Z ,0 IN 3r* 9-
-. sc.jw-U d - 4%'h
Z4 - .1-

1
--) l U

4L M I W 1- W+A< 0a C-u 0

£"J U.L 0
L-vzL 0 >

r+ 71 1- -' -. X -L u J
Z 1- 0-I * U z- 7. xN 31: L

0. i - 00 1 1 Mil n0_ U 0 ** K

3c C aWb- Cr ZKLU.I CO 11 W- U 04. 0- ZNO4.- - WL!7 .-x
Z * n4 . <C U I- - Z 33 n~ -I 0 - Z) ** ILXn1- n1-, X- C I m i.-)D

IIZ Oe 00 6. 4'I .00 00I OW- C.O- Z* *l uo + .., lU. u -I

- 0.. 1'- - W -0 M.. -0-.. -- !:jO - -0 - ~
Y Z y 7v xU~ jj - 4 L L 0~ ?1 O _-y Z--~ , 110 11 Z* CU ll 1 IL:>U f

11C( - :7 -a1 a3 11Z4~ U-a r.. 0 a X~. U0- ~ C - 0 LL~~ C L L C
r;Y - i CL~~l Ua 00 0 LL Ur We+L~UI 7I CUCZr;

C~% S4UJZX.c'0 -- +4-00)/%r C\ Cc'! L

j L; U -

7

Q'~~~~ r. I NoI4U~ P-- N it--'Jp 1-'4 rTC I.-p.'4fP CL Ir r C c

a--------- - --------------- ------

~~~~~~~~C C, CC~~~ ,E C' elc c c o o t e c er~ c ~ ~~~o 0 0 0



00

wL

-"4-

z In

I., z

o, U U:0

14~~~~~ IL L L an
c ~~~ -j < aZL

uj v cuo - &

z + z
0 z T Q Z

NN - Q -

LY 0 c. L-- UnL

a~~U Z WuI u

7 u. a D w a z w )
Cj *j W - j L.- Li a.

Lu U - (.n 9- 4

0 " - a ~ -DUy Z

> 4 c: 0 N r. jU LL U 9-

U . in 0 :)( 0 wJ Z l' .114

N a L00 " ix AA -0 0
W) cLL 70 .1 -0 1, I- _j C 3t

an9u- 1. 0 P- V) VZ0 ) L
_j -U L, Lu . Lu V

j~~~ ~ ~ * w a. 3F z( -L n ,:, -r . x LSxL
7 1- I Lu;t :0 f CO -' * L L I4 'y- z

<U 0 ze A- ILuu z 4 f In Lu _j ', -i
L ' -c n -n1 -. a C U, Z

u.' 0. 3- C0f I) Luc nun 09Tn- o *- t~ w j 7 -7 7- co t:- -jc j

C - tj - Cf) C 7'rCL C Z . 4 In C' r- J Irn- U i

0 itN it v.t CL (1 7- a 9- U .3!41 r ( 1 1 11 1

C4 U 4 .- C ' - ZW ) -Z) t LIV C 0 ; 00CU CvQcU

- .(1, iT rC -o* W.CG C Z a w 9

(.1 L- P IJ N * W~. * ~ - L U)LL

c a T, C aC C -c7 c0 -c C' -tP 0- -- . o r-. 4 -- -. -- 7 k 4N I m
- -n - - l(' - I Pr f.r - (D\I O 9t, N IN "^ v ' ( .NN N:Nr In w r-- N-

C.n nc'C N,.C c. c lac~iC)oN* q0 p..0P.r cr ' C r- 0 e

L rJ -. Z*--' W 0.~~p.** 05 u5 Z



(7 (p 01 LI,7 ,' 9 a' a' ' 0 ' 000 0 00 0 ---.-- N N N N N N N N N M) M) n) M F ) F ) i ') F40 4 4
N N ~N NN INNIN N NINN -nn MMM inF M) F) F)F ) )F ) In mF) f F f) ) ) ,)i In F) ) ) ) f) fn F)F? ) ) F) nfn In F))n)p ) F) fn ) )n

LL

('1 L

0

OU-

CX

U-

0L I.

U z L)

l'1- w -

w4 + 0i1.-

L iV) U 3

xf 7N n0 70u 0 I~ UL

> UI A*4- *Y 09 -0 A.U0 U Z + U C C+'W v - ,
!I k4 - *-i r , -r ! r L ( + C 1

- 0 3+ -- .- io I- 3 - (PVa-

tr.L CC 0.'I4 0 - r- U

ILI C 4 C CC 4n U') T TU C,

- P, H *- FMN Nr M 4f 4e 4u9I 40 4f 4$i -?% r0Wi ' )z , ),. r . ,?-N1-I
(' LZIj llV r~ (\j *\ e\ N; Ni r f'rjMC ' ' f VNrlN 0NNC.NN( ' N N. N N. N -Y l (\~ N ~ N Nfi N,

a C) C ) I -' Cj C, ICCC C 0 -rcC 0 c c c c c i



I..

TV))

_jU.
0<

uI

0' <

LU z +

q u LL - -

U') l.J U. V 1

6. 1 +

X) 1 0. 09 (

LV Z -- *

> - L, ) LV C_ 'na

-. 0 . CD 0
U~~ * UV S

+ - U I U 9 1.I0 - V
a. V, + 05 Na 0- 0

4- Z( U_ - -0 ~ ~
*j IL .9 U aW) 1 C V

X LL 2. 0 ,.-- 0-- 0.

-) ).- . N N.. (m -U .-- n- )
3t- - - X -- )- - -ow-Cc1 -u t.+ - c 7

llr N I L'W z a - *W C -- -w~ Z I-O % ) 0 5 00 <L C _ I C_
2) *-Z c ; 7 -~ + z L .7 7 - U! ', 01 *7 < -LtP.-0 0 x , )0 -

T' , r - .4 4 - Z LV 0-. -O 11 s._ o* 4 ,t ,2 L0 L 1...
V -- Xi % C 11 0 X~)P IP 0, +-. V. > - -+I

O 17 11 ti yzyz it Li y t! 0 7 k 7n Z- -Z 0)) -S 11) 7

- C - ZC 3tUf* ,If l7 11 U).' - .' -VZ -. 4-LJ (1 C" 01V--LL 11 ( .'CU- -)r -0 U-. f)

07 (7 c- cl 3 c- -3- 3 - -x 'VC-7 -Q e"cC Nk -\
x~~f rl n... n P1i ff) r,~ "1)1 I P£ L1I3 P, W) OL.- +u''.V) hi

-, Co C, cU' c 0 C,0 e C C,0n rc c, r 0 CC c C, e40 C )C, C

L.



its

0CC 000 000 M ------- - VNNCNN Nl)PP) M MMM p fC' C) C) 4r 4r 4.0- 4t 4 -t OW)OV) ) U) ) In LO ),C)

q~44 q4.~ 4  # 4# 4 4444 444 q444 4#44 44# 4444 4 ~ 4 L:

C,>

Nj

U- L-

U- LL L

NN U

I.- f. t-
.4. 0-
-Z Cr U it+

+-L J w C

0 - z U. UL EL-
U) t, 07Z x7 xz .3

0 u Z 1! 39-
U I, m -IIL W

it ii 0 1L 1 - i f v 1 j1 fI
Z ~ ~~~ ~ ~ W ' -- : 0 01 U-LI-- jl - U

X -- Ln . 1L, -1 I, -. ZN -7 L
U. - A -C - ON So-UN)- 03 f)+ I)C 1,fl 0+

P -4 2'J Z 1 1! Y Z n 1 t): !Z Yy7 1 ItYZZ >IC'1

f- (a X--0.U, 0 0 O ~r fmCu ~P O XX O O . f~ Y

k .. 4) Fl c- cet c c ,U o c N 4 9-maC I 7
-? V) -r Nc % , P I-P,( T C ,C

- 1 - 'L- z~ f- In m 7 P. r- 7U C)1 - -F, f F
r' c* C0 , C .3 C C C C (f, C, f, C c4 47 C' cccc0Cc C



CL

N

0.<

LU J

('I(A

0'D U

wmm

U

-j w

X 1 -1 -N

4 ul 4 V, ztr T -X 1 L Z O 3

h- UQ. a ) 4L, 1 H

Y7 -J -1 U-

f-j 11 -- NU 1,4 r
-U - Y ~ !- 1-+ - , )(() *3 , t -- 3 4. ... JU

it !, 31 I-. 112 Ji- Y 7 1l z3nI z l I~ z l
L C ILC H-~ C: (i'y -1. l JC L Cf) 11F -z 7L )(f 1C 1CC

C - -- -, N -,4
I-i-.~~ 4e 41 ~ --

C 7, 44 r rf Z, r) c c.v rZ Cj LW C, C r



1 110

APPENDIX E



ON THE POSSIBILITY OF EXPERIMENTAL SEPARATION OF

RESONANCES AND CUSPS FROM BACKGROUND IN ELECTRON SCATTERING

C.Jung and H.S.Taylor

Department of Chemistry,University of Southern California,

Los Angeles,Calif. 90007 , USA

Subject index: 34.80

4

*Present address : Fachbereich Physik,Universitkt,

6750 Kaiserslautern , West Germany

44



Abstract

It is demonstrated with the help of model calculations

that a laser field can be used to supress the background

in electron scattering cross sections and to pick out only

those parts which are rapidly varying as function of the

incoming electron energy.Therefore it becomes possible to

measure the pure Breit-Wigner peaks and threshold effects

independent of the fact that interference between the

resonances and the background in radiationless electron

scattering is strong.The results are interpreted within

the low frequency limit for free-free transitions.The

AC Stark shift of the resonance is also observed.

L4
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1. Introduction

Some of the most spectacular physics in electron-atom

scattering is in the appearance of resonances and threshold

effects.Unfortunately,in many cases these effects are small

structures bu ried in a big background and their shape is

usually modified by interference with the background.

Sometimes it is difficult to be sure if a measured structure

is real or noise and sometimes it is hard to pull the

interesting physical parameters out of the measured data.

For a review of these effects and their experimental diffi-

culties see ref.1 .If on the other hand,an experimentalist

were able,by some methodto supress all the background in

the neighborhood of a resonance,then a pure Breit-Wigner

peak would be observed and it would be straightforward to

determine the position ER and the width r of this resonance.

The purpose of this paper is to explain a method of perfor-

ming an electron scattering experiment in such a way that

only those parts of the scattering amplitude lead to a

signal,which vary rapidly as function of the incoming

electron energy.Thereby we pick resonances and cusps out

of the total scattering amplitude and get rid of all

background influenoes.

The basic idea is to perform the electron scattering

process within a strong laser field and to collect only

those scattered electrons which have emitted or absorbed

a certain number of photons.Thia method has been suggested

first in ref.2 in a treatment of free-free transitions in

first order perturbation theory and low frequency limit.



It will become clear in this paper that the idea works

under much more general circumstances.Processes in which

an electron scatters off an atom or molecule and emits or

absorbs photons at the same time are known under the name

free-free transitions.(For a review of these processes

see ref.3).In these processes three systems ( electron,

targetlaser field ) interact with each other and this

makes a theoretical treatment so complicated that up to

now only special cases and approximations have been

investigated.If the photon energy is far away from all

transition energies of the target states involved in the

process then the interaction between the laser and the

target can to a high degree of approximation be neglected

and the problem reduces to the description of electrons

under the simultaneous influence of the target potential

and the laser field.To check this the

I.- influence of the laser-target interaction on the

processes considered here can be estimated by the following

considerations:The external field induces an electric

dipole moment in the target atom and this dipole field

can be felt by the scattered electron and can thereby

modify the electron-target interaction potential V.Next

let us estimate the order of magnitude of this effect.

In most of our calculations a photon energy of 0.005 a.u.

is used which is close to the CO2 laser photon energy of

11meV.Because this photon energy is smaller by a factor

10 to 100 compared to the first excitation energy of the

Ub
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atomic ground states we use the static polarizability to

calculate the induced dipole moment ( Thereby we overesti-

mate the effect ).For atoms the polarizability is between

2.10 - 25 cm3 ( in e.s. units ) for such a small closed

shell atom like Helium and 400,10- 25 cm3 for such a big

alkali atom like Cesium.

4 I- To see strong signals in free-free transitions we need

laser power fluxes in the order of 108 Watt/cm2 and for a

CO 2 laser this corresponds to an electric field amplitude

of 270000 V/cm or 900 e.s.u..Therefore the induced dipole

moment is between 1.8.10-22 e.s.u. and 3.6.10-20 e.s.u.

for the various atoms.A scattering electron at a distance

of 10-8 cm,which is in the order of magnitude of the

average distance of an electron in a resonance state from

the atomic centerwill feel a potential energy Ed of a

magnitude between 10-3eV and 10-eV.In electron scattering

dipole effects are usually of importance only at very

low energy where the electron-dipole interaction energy

Ed is of the same order of magnitude as the kinetic energy

Ei of the electron.In the case considered here Ed/Ei 0.01

in the worst case.Therefore it seems to be Justified to

neglect the laser-atom interaction.

This neglect of the laser-target interaction does not

of course apply at all to molecules which have vibrational

transition energies close to the photon energy.In general,

the laser frgquency must be far out of resonance with the

target system.

I
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In addition the laser field strength considered here

is small compared to the internal field in the atoms and

therefore it is not necessary to worry about the ionization

of the target.

Now even this simplified problem without laser-target

interaction has not yet been solved in general.Various

treatments have either treated the laser field in pertur-

bation expansion or have used the low frequency approxi-

mation.The method used here to supress the background can

be interpreted theoretically in the low frequency limit.

The relevant ideas of this approximation will be given

later in section 3 ( For some additional information about

more general aspects of the low frequency approximation

see refs. 4-7 ).

To fully appreciate the method it is perhaps better to

forget about formal theories and instead to make some

simple model calculations in the spirit of a numerical

experiment.In section 2 we investigate in this way what

may happen in an experiment since up to now the new method

has not yet been realized in the laboratory.As such we

construct a simple 1-dimensional model,which can be solved

in terms of known functions.We do not use the low frequency ....--

approximation and we do not make a perturbation expansion

of the electron-laser interaction.The approximations we

must make are the neglect of the laser-target interaction,

mentioned abovethe dipole approximation and a cut off of

the photon Fock apace due to the inability to numerically



handle more than a finite number of photon number states.

In practice this is not a problem as all reported results,

upon inclusion of further photon states in the model,do

not significantly change.

In section 3 we present a theoretical interpretation

of our numerical results.Section 4 contains conclusions

and final remarks and some suggestions onto how to

optimise possible experiments.In the appendix we explain

our model in detail and show how we calculate all transition

amplitudes in terms of known functions.

We use atomic units for all numbers throughout the

whole rest of the paper.

9I
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2. Results of the numerical experiments

We take a scattering problem in I dimension and represent

the target by a 2-state system with an excitation energy

E12=0.6 .We assume that this target provides a 2-channel

square well potential V to the incoming electron ( see fig.1).

In each figure below we have indicated the special choice of

V used.We always start the process with the target in its

lower state.If the laser is switched off and the incoming

kinetic energy Ei of the electron is below 0.6 then the

electron may either be transmitted or reflected without

energy change.We denote this probability for transmission

by Trl and the probability for reflexion by Rrl ( rl is an

abbreviation for "radiationless" ).If Ei is above 0.6 the

electron may excite the target and leave it in its upper

state.We denote the probability for excitation in radiation-

less transmission by Srl and the probability for excitation

in radiationless reflexion by QrI" Srl and Qrl exist only

for El> 0.6 .

If we switch on the laser field,then the electron can,

in addition to the above,exchange energy with the field in

integer multiples of the photon energy w.We denote the

probabilities for processes in which the electron gains

(loses) the energy Nw from the field by QN,RN,SN,TN

respectively.RN(E i ) is the probability that an electron

comes in with initial kinetic energy El,hits the target,is

reflected leaving the target behind in its lower state

and flies away with a final kinetic energy Ef= Ei + N c.



-9-

SimilarlyQN(Ei ) is the probability that the electron

comes in with energy El,hits the target,is reflected leaving

the target behind in its upper state and flies away with

final energy Ef=Ei -E12 +Nwo.TN(Ei) and SN(Ei) are the

probabilities for the corresponding processes in transmission.

Of course,QN(E ) and SN(Ei) only exist for Ef> 0 i.e.

Ei + Nw. > E12 .The quantities Q,R,S,T are the 1-dimensional

analogs to the differential cross sections in 3 dimensions.

In fig.2 we have chosen a potential V which causes an

elastic scattering resonance at an incoming energy of

ERO0.2 33 with a width of r% O.0002.This F is in the

same order as the natural width of electron-rare gas atom

resonances.The energy ER is far below the threshold at ET=0.6

and therefore no excitation of the target is possible near

this energy.In the top line of fig.2 we show the quantities

Trl(Ej) on the left and Rrl(Ei) on the right as functions

of Ei.Below we show the quantities TN(Ei) and RN(Ei) as

functions of Ei for several values of N.The photon energy

is always W -O.005 which is close to the photon energy of

a CO2 laser.The power density of the field is so big that

the quantity o(= eA / mc t w has a magnitude of exactly 1.

( e is the electron chargem is the electron mass,c is the

speed of light,A is the amplitude of the vector potential).

This is still a moderate power density and therefore only

one photon processes give a strong signal.Two photon

transitions can Just be seen.In fig.3 we show the results

for a calculation in which we have increased the laser
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power so that o=2 but left all other parameters unchanged.

The important results of these figures are:The elastic

resonance causes a whole series of resonances in each RN

and TN but only a few ones are strong enough so that we can

observe them immediately.The distance between two adjacent

structures is exactly . The strength of the individual

structures depends on the laser power.In general we see

more resonances if we increase the laser power.The most

striking observation is,that in TN,N0 there is no back-

ground at all and the resonances appear as pure Breit-Wigner

peaks.In all other cases ( i.e. for T and all RN ) the

interference of the resonances with the background is either

similar to the corresponding radiationless case only with

the difference that the relative resonance effect is smaller

or the resonance shape is reflected compared to the

radiationless case.The best examples for this reflection

are in R+i in fig.3.We see that it is easier to determine

ER and r out of T+, or TI than out of Trl or Rrl.In fig.2

note that TN and TN or RN and RN look similar in shape

but are shifted by Nw.

In fig.4 we have changed the offdiagonal elements of V

so that the width r of the elastic resonance is now 0.0012

which is in the order of the resolution of common electron

spectrometers.This change in V causes also a small shift

in the position ER of the resonance ( see the top line in

fig.4 ).All other parameters are the same as in fig.2.The

width F is now so big that there are overlaps of the
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various resonance structures in RN and TN which influence

the resonance shapes in general.For TN,N+O the wings of

two adjacent resonance peaks simply add without any visible

interference.Again TN and TN or RN and RN look similar

in shape but shifted by Now.In fig.5 we show the resonance

curves for 0(=3 and otherwise the same parameters as in fig.4.

We did not make calculations with another value of j

because the interesting quantity is the ratio between W

and r and a increase of w would cause similar effects as

a decrease of r.
The only threshold of our 2-channel model is at ET=0.6

and it is interesting to compare radiationless scattering

and free-free transitions close to this energy.Fig.6 shows

radiationless scattering in the top line and free-free

transitions below.In the drawings T and R are represented

by solid lines and S and Q are represented by dotted lines.

First we see that in free-free transitions the threshold

for SN and QN lies at Ei=ET - Nw.This is easy to understand

because the energy which the electron gains/losses from

the laser field goes into the energy balance for the excitation

of the target by the electron impact and the new channel

opens as soon as the final kinetic energy of the electron

is above zero i.e. as soon as E. + Nc- ET>Oor

Ei > ET - Nw .In T-1 we see a plateau between ET and ET+c

and in T+, a plateau between ET - W and ET with a sharp

drop on both sides.In addition there are smaller threshold

effects shifted by w away from the sharp drops.In T_2

and T+2 we see a sharp peak at ET + W or ET -J
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respectively and again smaller effects shifted away by w

In the other cases ( T and all RN ) the threshold effects

occur at various Ei=ET + nca and their shape is either of

the same type as in the corresponding radiationless

scattering or it is just turned upside down.In SN and

QN there are only very weak structures,too weak to be

seen clearly in fig.6.

In fig.7 we see results for C =2 and otherwise the same

parameters as in fig.6.Now the threshold effects are

distributed over more energy values and for example in

T_I the main drop on both sides of the plateau is shifted

outwards by W on both sides compared to fig.6.In the

picture for QO we see an "accidential" zero near Ei=0.607

which will be explained below.In fig.8 we see results

for Wo =0.002 and otherwise the same parameters as in fig.6.

All curves look nearly the same as in fig.6 only the energy

scale is changed by a factor 2.5 which is the ratio between

the photon energies in the two examples.

The most important results for the thresholds are in

summary:A sudden drop ( or increase ) in the radiationless

scattering as function of the incoming energy produces in

the free-free probabilities T+, and TI a plateau near the

threshold energy and zero signal otherwise.At moderate

laser power the length of the main structure is exactly W .

Thereby the presense or absense of a threshold makes a

100% change in the relative signal strength but the

absolute signal strength is always very low.Depending on

__ _n- - - i
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the values of W' and ot the strong contributions to the

threshold effects in TN appear at different energies.

3.Interpretation of the numerical results

A theoretical explanation of the results of section 2

can be given most easily within the low frequency appro-

ximation and therefore let us first explain its basic idea.

In order to be more general we give all formulas for the

3-dimensional case and consider the numerical results

from section 2 as the special cases of the scattering

angles 0 and T .If the laser wavelength is very long

compared to atomic distances,then we can separate the free-

free transition into three steps.First a free electron

moves within the laser field and can virtually emit and

absorb photons.Let us assume that the laser field is

single mode and in the pure number state IN> in absense

of the electron.We denote the state of a free electron

moving with momentum p by I'> .If we neglect photon

depletion effects and use the dipole approximation,then

the exact state of the electron in the field is given by

( see appendix )

n

n is the Bessel function of first kind and order n.

0 eA mc t where is the polarization vector

of the laser field.This a is the 3-dimensional generali-

zation of the a given above in section 2.
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The Bessel functions Jn( o p) can be viewed as interaction

coefficients for virtual n photon absorbtion/emission at

absense of a target.

In dipole approximation there is no recoil of the

electron during emission or absorbtion of a photon and

therefore the electron momentum does not depend on how

many photons the electron has absorbed or emitted i.e.

p > in (1) is independent of n.The energy of the electron

is different in its various states and the electron wave

connected with the photon number state IN+n> is at energy

Ep 2/2m - nci.Only the n=O term is on the energy shell

and all other terms are off shell.

Then in the second step of the free-free transition

this mixture of electron waves hits the target and is scattered.

The main idea of the low frequency approximation is to neglect

the laser-electron interaction during this second step

and therefore the electron-target scattering is described

by a radiationless scattering amplitude.But according to

what WaSsaid above each term of the sum in (1) is

scattered at its particular intermediate energy Ei - nw

and its scattering is therefore described by a scattering

amplitude at this shifted energy.

In the third step the scattered electron waves interact

again with the laser and evolve into their final states.

Along these lines the following formula (3) has been

derived first in ref.8 and confirmed later in ref.9 by

another derivation.This formula gives the scattering
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amplitude fN(Ei,4) for an electron to come in with
kinetic energy E.,be scattered by an angle 0' and to have a

final kinetic energy Ef of

Ef = Ei + N W (2)

fN (Eig) = k -Nk(  P'f r(EJ k(- P:  5
k

frl is the corresponding amplitude for radiationless

electron-target scattering.The three factors correspond

to the three physical stages above.An analoguous formula

holds for scattering with excitation of the target if we

take on the r.h.s. of (3) the corresponding scattering

amplitude for radiationless excitation of the target and

take the excitation energy into the energy balance (2).

Now let us decompose frl in (3) into a resonance part

and a background part

R BG
frl(Ei kc ,v9 )=fri(Ei+k Cj )+f j(E i+k ,') (4)

The Bessel functions decrease rapidly for increasing order

and fixed argument as soon as the absolute value of the

order becomes larger than the absolute value of the

argument.Therefore only a few k give a strong cont:'abution

BBGto the k sum in (3). f rl depends only weakly on it s energy
argument then we can neglect this dependence,take all fBG

ri
BG

at the energy Eipull frl out of the k sum and apply the

addition theorem of the Bessel functions and findfBGE )+
N(Eiga).JN((f-' r) frp(Eis

k

Our model calculation~is independent of the low frequency

| ! I I I I/



- 16 -

approximation and so a comparison between the exact

numerical results of sec.2 and (5) can be viewed as test of (5).

The present state of the experimental verification of (5)

is as follows:In ref.10 IfJ1 2 has been measured as function

of N for several values of -,Ei,t.All results are in

qualitative agreement with (5).It has not been possible

to check for quantitative agreement because the exact laser

power distribution in space and time has not been known.

For quantitative calculations its knowledge would be

absolutely necessary since multiphoton transitions are

a nonlinear effect and depend essentially on the exact

power distribution in space and time and not only on the

average power ( For these problems see also ref.11 ).In ref.10

resonances did not play any role and therefore only the

first term in (5) has been measured.From such a measurement

we cannot,in contrast to the present work,learn anything

new about electron-atom scattering because the result is

essentially the product of the elastic background cross

section and a Bessel function - both well known quantities.

In refs.12,13 If_1j2 has been measured as function of

E1 near the argon resonances at 11eV but unfortunately

only in backward direction for the one scattering angle

9'-1600 .Since a weak laser has been used only the resonance

structures at E. and ER could be seen.Their shape and

strength is in full agreement with (5).

For scattering without excitation of the target IPil-lPfl

since &a(( Ei and therefore in foreward direction we find

4i

- - . - - - --
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C(pf-pi)zO.The background term in (5) disappears in

foreward direction for N+O because JN(O)= SNo.This is the

explanation why we did not see a background contribution

for TN,N+O in the model calculations.f R produces a

resonance structure when its energy argument is at ER

and therefore we get a resonance structure in the k-sum

in (5) every time when Ei+kci=ER for a keL.The magnitude

of the resonance effect at Ei=E R -kw depends on the exact

value of the two Bessel functions in the corresponding

term in (5).If rF<<W we get a series of well separated

resonances with an energy spacing (J between adjacent

peaks.This is exactly what we saw in figs.2-5.
-- * -- 11P- - -JP .0

In backward direction pf -pi and in general JN(ocPf Pi ))

is not near a zero and the background does not disappear.

Depending on the relative signs of the various Bessel

functions the relative phase between the resonance term

and the background term is either the same as in the

radiationless case or it is just shifted by IT.Therefore

the resonance shape is either the same as in the radiation-

less case or it is just reflected.The magnitude of the

relative resonance effects depends again on the exact

values of the corresponding Bessel functions and

thereby on the parameters Ei,O(.We saw that TN and T N

or RN and RN look nearly the same in shape but are

only shifted by Nw,.This can be explained by the fact

that JN-(-')NJN.

One effect which is not contained in (5) is the AC

Stark shift of the resonances.Let us look at fig.9.

4 ..... .
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In this figure we show resonance structures in TN and

RN at various initial energies Ei=ER+kcui and for various

values of w oc and N.The potential V is the same as in

figs.2 and 3.In each picture we show the low frequency

approximation of (3) as broken line and the exact

numerical result as solid line.We see a shift of the

resonance structures which does not depend on Ei,N and

but depends on ca and X .Besides this shift the low

frequency limit gives the correct shape and height for

all resonance peaks.The fact that the shift does not

depend on the particular peak at which we look i.e. does

not depend on EiN and %9' is anindication that the

resonance itself is shifted and not only its appearance

in the free-free transitions.The Stark shift goes quadra-

tically with w and quadratically with oc.This is in

exact agreement with the results of ref.9.In our examples

in fig.9 the shiftdER z-0.25 w 2ox2.According to ref.9

the proportionality constant between &ER and i2 o2 is a

measure of the laser induced coupling between the resonance

wave function T2 in channel 2 and the continuum wave

function p1 in channel 1.Therefore a measurement of

&/ 02 2 could give experimental information about

the dipole matrix element < I Y2> •

We could not see a change of F with increasing laser

power.For this extra width caused by the Stark decay to

become important much higher laser powers would be necessary.

w I I/
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Now let us try to explain the threshold effects in

figs.6-8 by making a quite crude model for a threshold

effect in radiationless scattering and representing the

amplitude for scattering without target excitation by

frl(Ei,O%)=c(9)+((Ei-ET) d(&) (6)

where c and d do not depend on Ei and e is the unit
step function.If we insert (6) into (5) we get

fN(E()=c() f-pi)) +

d )J J (9') e(E +k -ET ) J(-Tpi' (7)

For Pf-.Pi and NVO the first term drops.The second term

produces a step at each Ei=ET-kw,ke2 .The relative

strength of the various steps depends on the exact values

of the Bessel functions and thereby on the values of the

parameters Ei and 0(.

If we set3=O in (7) and assume a moderate laser power

for which only first order contributions are important,

we obtain
f_1 (EiO0). C lpPI d(O) I19E i-ET)- 19(Ei-&J-ET) }

This is just a plateau between ET and ET+ W and it is zero

otherwise.An analoguous calculation applies to T+i and

gives a plateau between ET- W and ET.Trl in fig.6 does

not have a sharp step at ET but a rounded one and therefore

also T+1 and T_1 have a rounded drop off on both sides of

the plateau.

We see additional smaller threshold effects at other

Ei which come from higher order contributions.For higher

laser powers as e.g. in fig.? higher order contributions

'1

I



- 20 -

may become more important than first order contributions

and therefore the steps at other E i become more important.

If we look at T-2 and take only second order contri-

butions of (7) we get

fr2(E i 0)=d(O) 80CP2{9(EE)2e(EEW)+ e(EE T2 W)

This is a positive plateau between ET and ET+ W and a negative

plateau of the same absolute value between ET+ W and

ET+2 w and it is 0 otherwise.T_2-i I f 2 (EO)1 2 is then

just a plateau between ET and ET+2&j.The step in T in

T rl

fig.6 is rounded and therefore a wedge remains at ET+ 

in T-2 in fig.6.This wedge is a left over between two

rounded cut offs on both sides.For higher power density in

fig.7 again additional threshold effects at other Ei become

important in T_2.An analoguous rebsoning applies to T+2.

For T and RN both terms in (7) contribute and the

relative phase between both terms is either the same as

in the radiationless scattering or it is shifted by TT.

Therefore the shape of the threshold structures is either

the same as in the radiationless case or it is just turned

upside down as e.g. in R0 in fig.6 at ET tw -.

For Ei=0.60,oCK2,N-O, 3 . 1T and excitation of the target

the quantity f-pi) is just at the first zero of the

Bessel function Jo(('- ')) and this explains the

accidental zero of in fig.7.

- __________
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4. Discussions and conclusions

We have seen that the low frequency approximation given

in (3) explains all qualitative features of resonances and

thresholds in free-free transitions except the AC Stark

shift.The quantitative error of the low frequency approxi-

mation - corrected for the AC Stark shift - has always

been below a few percent ( see fig.9 ).But the dependence

of this error on the various parameters will probably

depend on the dimension of the space.Therefore it would

not be of general interest to add here a detailed

investigation of the numerical error of the low frequency

approximation in our 1-dimensional model.

What advice can we give to an experimentalist,who wants

to utilize free-free transitions in order to look for

resonances and cusps in electron-atom scattering?

The most interesting property of free-free transitions

shown in this paper is that only rapidly varying parts

of the radiationless scattering cause any free-free signal

in foreward direction.This fact may be used in an experiment

to project out resonances and threshold effects.The price

to pay for this removal of the background is a

reduction of the number of electrons which contribute to

the signal.As shown in figs.2-5 the ratio between the

resonance height in TN,N40 and in T is 0.1 in the most
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favorable cases.

In an experiment it is not possible to measure at an

angle of exactly x9 =O.By proper adjustment of the laser

polarization vector £ it is possible to fulfil the relation

-- , -0 - 4-

(pf-pi)=O(8

for any choice of p1 and pf,just turn 2, perpendicular to

the momentum transfer q=pf-Pi.At the same time we want to

see a strong resonance signal and according to (5) E.Pf

and E pi should be big enough to give a big value for

the Bessel functions.Therefore, should be as parallel to

pf and Pi as possible.All these conditions can be met best

if pf and pi are as parallel to each other as the construction

of the electron spectrometer allows and if tis in the

direction exactly in between Pf and pi.

As indicated by the figs.2-5 resonance signals are

biggest and clearest in T+2 or T-2 at Ei=ER-c, or Ei ER+W

respectively if the laser power density is so big that G pf

and ( pi are in between 1.5 and 2.2 i.e. if J 1(-O) is

near its first maximum.In this case the resonance signal
comes from the term J+1 (0if-) frl(EicI) J 1 ( p) in (5).

This means:The electron comes in shifted by one photons

energy away from the resonance energy.Then it absorbs/emits

one photon and can go into the resonance state.The resonance

decays and the outgoing electron absorbs/emits another

photon on its way out.For this choice of the parameters

the resonance signal in T 2 is about 10% of the resonance

signal in the radiationless scattering,which is the best one

• m m/
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can hope for.In addition,for these values of the

parameters the other resonance structures in T 4 2 ( i.e.

the ones at ER,ERt 2 GERt 3W,etc.) are quite small and

this decreases the sources of confusion if several elastic

resonances occur close together.

For the investigation of thresholds choose a moderate

power density of the laser so that only first order

contributions give a strong signal to the free-free

amplitudes and look at T+i or T_1 for structures of the

length w .Two sharp drops in T+1 at Ea- & and Ea and a

smooth behavior in between indicate a threshold at E A

similar structure in T_1 between Ea and Ea +W indicates

the same threshold at Ea -

As indicated in figs.6-8 the absolute signal in T NN+O

is extremely weak but the relative threshold effect is I

and can therefore be seen clearly.This is in sharp contrast

to elastic scattering where the relative threshold effects

are generally small.Usually these effects are observed in

electron impact excitation,where their relative effect is

bigger than in the elastic channel.Our idea is unusual in

so far that it filters out threshold effects in a process

which is elastic with respect to the electron-target

interaction.The big disadvantage of our method is the

extremely small absolute size of the signal and there is

the possibility that in a real experiment machine noise

will bu. ry the weak threshold signal and make it impossible

to utilize our idea in the laboratory.
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In any case for resonances or thresholds the photon

energy should be chosen larger than the energy interval

over which the radiationless scattering varies rapidly in

order to avoid confusing overlaps of the structures in

free-free transitions.

Can "accidental" zeros like the one in QO shown in fig.7

( i.e. those values of parameters for which 0(pf-pi) is

at a zero of some Bessel function ) used for anything?We

don't think so,because their position depends strongly on

the exact laser power and in an experiment the laser power

varies in time and space and the electrons,collected in

the detector,have experienced quite different laser powers

during their scattering process.Therefore,such an accidental

zero would be completely smeared out in any real experiment.

There is also the interesting possibility that a free-

free experiment might be used to probe the laser field

strength.In ref.11 it has been shown how the results of a

measurement of IfN(Ei, 1)j 2 as function of N can be used

to calculate the average power density of the laser field

in which the experiment has been performed.It is probably

possible to generalize the results of ref.11 and to work

backwards to even more detailed information about the

laser field.
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Appendix

In this section we explain our model in detail and show

how we calculate the amplitudes for all processes.

We work in a 1-dimensional space and choose x as space

coordinate.We describe the electron-target interaction by

a 2-channel square well potential of the form

V V( 21 V22 (Al)

V12 =V21 so that V is a self adjoint operator.

e is the unit step function.The matrix of excitation energies is

= (0 (A2)B 0 E 12)

We cut the x-axis into the three interval s

I1=(+R,o) , 12=(-R,+R) , I =(-, -R)

The target is in its ground state initially and the electron

comes in with momentum kin.Then the matrix of the electron

momentum in intervalls I and 13 is
k:O0)= (kin f 0  

(0K h o2

= ((2mB
12  )

In 12 we set M fM + V~ and construct the orthogonal

matrix U/ which diagonalizes I according to

I!J U 7  = with

Ti (A4)

in2 -2m ]'is the diagonalized momentum matrix in 12.
fki

We assume a single mode laser field and use the dipole

approximation.

- ,-------r---.--- -- - - --
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The total Hamiltonian 9for the motion of the electron

under the simultaneous influence of the target and the

laser field is

2 + ep+t + a a - -- (a+ +a) + 9%+ V(x) (A5)

mc

2 3is an abbreviation for 2 1c / L) where L is the

quantization volume of the electromagnetic field.p is the

electron momentum operator,a and a+ are the annihilation

and creation operators for a laser photon.We write IN> for

an eigenstate of a+a with eigenvalue N-IN .

First let us look at eigenfunctions of fin the

intervalls I1 and 13.There rHjis diagonal with respect to

the target states.We neglect photon depletion effects in

the sense that we set V'N+n = - in the coupling strength

between various photon number states,where N is the initial

number of photons in the laser beam and N+n is the number

of photons in intermediate or final states.Using the

recursion formula of the Bessel functions

2n Jn(y) = y {Jn-l(Y) + Jn+l(y)3 (A6)

we see that functions of the form

f(ko,,xN)= exp ( ikox ) Y Jn(k o ) IN+n> (A?)
n

are eigenfunctions of the operator

2 + p (a + a) (A8)

2m mc

with eigenvalue

Nw + k2 / 2m (A9)
0
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0( is an abbreviation for o(eN.2 p/ mc I .

The quantity 2 R is the amplitude of the corresponding

classical vector potential A of the laser field.Note that

ko is independent of n in (A?) because recoil effects of

the electron are neglected in dipole approximation.In order

to start from the most general eigenfunctions of FIwe

must consider that the functions Y in (A?) are degenerate

in two ways:

I.: Y remains an eigenfunction of operator (A8) to the
same energy (A9) if we reverse k i.e. if we replace

k0 by -k0 .

2.:We get an eigenfunction to the same energy if we replace

N by N+L and simultaneously replace ko0 by kL where

k / 2m + Lw = k2 / 2m

Therefore the most general eigenfunction of Hwith

eigenvalue E in the intervall 11 is the 2 component

column vector
1(~x = r1,L ?(kL''t4)+ Wl,L T(-kLtXtL-+14

i(E,x) = WI, ((k-x7~ (AlO)

L ( r2,L ( h L ' X ' L4 ) + w2 ,L (-hLI (xAIIO)

where all kL and hL are given by

E= kL / 2m{N.4I4Lj= hL./ 2m*I.j+ E1 2  (All)

ri,L and wi,L are arbitrary complex constants to be fixed

later by boundary conditions.

In a completely analoguous way we find for the most

general eigenfunction of jwith eigenvalue E in interval 13
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j2,L T(hLX IL ) + t2,L (-hLxLNJ

ji,L and tiL are again constants to be fixed later by

boundary conditions.

In the interval 12 His not diagonal with respect

to target states but is a t ore we

first construct eigenfunctions toO .In the same way as

before we find for the most general eigenfunction of H
with eigenvalue E

-*".e2(E,X)= L al, L  T ( L'X L+I )+ b l,L (-L +W) LA13

a2,L  (t&LxL+)+ b2 ,L r(-,fL Ax, L+N)

where 2 / 2m++L) + 6-1 E-# / 2m.(N+L)W+ G- (A14)

with <-I and 62 given in (A4).

ai L and biL are again constants to be fixed later by

boundary conditions.

Because of 1U 2 - O 2= E

we se that 2 is an eigenncion of IH wit

eigenvalue E in interval 12.

At x=+o we choose the boundary condition that there is

only one incoming wave with the target in state I and the

laser and electron in state Te(-kin,X,N) i.e.

WiL = si,l LO (A15)

At x--O we choose the boundary condition that there is

no incoming wave at all from the left i.e.

Ji,L=O for all i and all L (A16)

At x=+R and x--R we require that the wavefunction is

_ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ __lJ
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continuous and has a continuous first derivative.This

gives 4 equations for 2-component column functions or 8

equations for linear combinations of photon number states.

These equations must be fulfilled for the coefficients

of each photon state separately and therefore each photon

state gives us 8 equations which connect the constants

ai,L,bi,Lti,L,ri,L ( i=1,2 ).Some of these equations

are inhomogeneous.

Al togetherwe get an infinite inhomogeneous system of

linear equations to determine the free constants.In our

model calculations we could only handle a finite number

of equations with a finite number of unknowns and therefore

we had to cut off the system of equations.Out of the

coefficient matrix of the system of linear equations we

have cut out the (21+1)-8 X(21+1).8 matrix centered at

the 8X8 block which comes from the L=O terms in (AIO,A12,

A13) and the n=O terms in (A7).Accordingly we have cut

out of the inhomogenity vector a (21+1)8 component piece

centered at the block which comes from the n=O terms in

(A7).Then we have solved these (21+1)8 coupled linear

equations.

We have found rapid convergence of the results with

increasing 1 values as soon as l1 pI.For all calculations

shown in figs.2-9 it has been sufficient to choose a 1

value between 5 and 1O.The rapid convergence can be understood

from the fact that Bessel functions decrease rapidly as

soon as the absolute value of the order becomes larger than

.- --. I __ _



the absolute value of the argument.If we take a larger

value of l,then we include coefficients which contain

Bessel functions of higher orders.

As a last step we calculate the quantities

R k L  2 h r 12

in I1,L (L cin I 2,L

TL= E It1,L L ' E t2
in in

These are the quantities plotted in figs.2-9 as function

of the incoming electron energy E i

All these calculations can also be performed for the

case that the target is in state 2 initially.The only

change is to replace Kof (A3) by

0 h ( ) 0 kin

and to replace (A15) by

wiL = Si, 2 SLO
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Figure captions

Fig.1:Plot of the diagonal elements of the model potential

for electron-target interaction used in all numerical

calculations.The offdiagonal elements V12=V21 ( not plotted

in fig.1 ) are of the same shape as V11 but of different

depth.Bound states of the 1-channel potential V22+E12

become Feshbach type resonances of the full coupled

2-channel potential.Their width r is determined by the

magnitude of V12.For small V12 we find roc( V12 )2 .See

the two resonances in the upper lines of fig.2 and fig.4.

A threshold effect occurs at the rim of the upper well

i.e. at E=E 12 .

Fig.2:Plots of resonance structures in radiationless

scattering and in free-free transitions.For more

explanations see main text.

Fig.3:Plots of resonance structures in free-free

transitions.For more explanations see main text.

Fig.4:Plots of resonance structures in radiationless

scattering and in free-free transitions.For more

explanations see main text.

Fig.5:Plots of resonance structures in free-free

transitions.For more explanations see main text.

Fig.6:Plots of threshold structures in radiationless

scattering and in free-free transitions.For more

explanations see main text.

Fig.7:Plots of threshold structures in free-free

transitions.For more explanations see main text.

- - - - -
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Fig.8:Plots of threshold structures in free-free

transitions.For more explanations see main text.

Fig.9:Some examples for the AC Stark shift of resonances

in free-.free transitions.The solid lines are the results

of numerical calculations.The broken lines are the results

of eq.(3).For more explanations see main text.
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